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Abstract
Gaseous mixtures of water vapor and neutral molecules of salt (e.g., NaCl, CuCl etc.) can be highly non-ideal due
to the strong attractive interaction between salt and water molecules. In particular, this can result in high solubility
of salts in water vapor and a strong dependence of solubility on vapor pressure. The analysis of salt solubility in
water vapor can be done using the Pitzer-Pabalan model, which is based on the thermodynamic theory of imperfect
gases. The original Pitzer-Pabalan work demonstrated that one can reproduce experimental data for NaCl solubility
in vapor. No analysis was performed on the reliability of their original fits, which we believe has contributed to the
lack of applications of the Pitzer-Pabalan model despite the apparent success of the original paper. In this work,
we report recent progress in developing a rigorous fitting procedure to parameterize the Pitzer-Pabalan model using
experimental data. Specifically, we performed fitting of the experimental results obtained elsewhere for NaCl and
CuCl. We investigate the degree of underfitting/overfitting and the sensitivity of the fitting quality to variations in the
resulting fitting parameters. The results, as represented by the thermodynamic parameters describing the energetics
of formation of salt-bearing water clusters, were successfully benchmarked against Gaussian 16 ab initio quantum
chemistry calculations. The resulting rigorous fitting procedure presented here can now be applied to other systems.
1. Introduction
It is an experimental fact that a gaseous mixture of
water vapor and neutral salt molecules (e.g., NaCl, CuCl
etc) can be highly non-ideal with respect to the salt
due to strong attractive interaction between the salt and
water molecules in water vapor [1–9]. This means
that the chemical potential of the salt in such equilib-
rium mixtures is significantly lower than it would have
been, at the same concentration of salt, if water and salt
molecules were not interacting. In particular, the con-
centration of salt in water vapor, brought to equilibrium
with bulk solid salt, can be many orders of magnitude
higher than the concentration of a saturated anhydrous
gas in equilibrium with the solid salt. Accurate quan-
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titative understanding of this non-ideality and, in par-
ticular, of this last phenomenon is very important for
understanding various geological processes and for var-
ious industrial applications ranging from desalination to
corrosion.
Experimental data are often represented as the con-
centration of salt in vapor, in equilibrium with bulk crys-
talline salt, measured over a range of temperatures and
pressures. To make this data useful for general appli-
cations, one can generally use two approaches. The
first approach is to fit the experimental data, for exam-
ple, the salt concentration as a function of vapor pres-
sure at a given temperature, by a certain empirical ex-
pression whose functional form is motivated more by
ease of use than by underlying physics [6, 9, 10]. This
approach is expected to work fine when interpolating
experimental results. However, using this method to
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extrapolate experimental data to temperature and pres-
sures beyond the ranges accessible in experiment, or to
describe solubility in more complex systems (e.g., con-
taining several gases where the density of gas mixture
is not fully controlled by water vapor), can be ques-
tionable. The second, semi-empirical, approach is to
fit experimental data with functional forms based on the
underlying physics. For NaCl solubility in water va-
por, this was done by Pitzer and Pabalan [4]. In short,
their model was based on treating tightly-bound clusters
made of water and salt molecules as separate molecular
species. Introduction of the Gibbs free energy of for-
mation, and its temperature derivatives, for such clus-
ters naturally yields the concentration of salt in vapor
as a function of temperature and pressure of water va-
por in equilibrium. Since these Gibbs free energies are
properties of a specific cluster, and do not depend on
concentration of these clusters, this approach in prin-
ciple allows for extrapolation to higher or lower water
vapor pressures. Furthermore, since the functional form
of the semi-empirical expressions for the salt concentra-
tion are based on correct physical principles, they auto-
matically produce correct asymptotic behavior, e.g., in
the case of very large or very low water vapor pressure.
Extrapolation to higher and lower temperatures, beyond
those covered in the experimental data, is also a possi-
bility. The downside of the semi-empirical approach is
that it yields more complicated expressions than those
in the empirical approach.
In their seminal paper [4], Pitzer and Pabalan suc-
cessfully fit experimental results for vapor solubility of
NaCl. However, some details of the fitting procedure
they used remained unexplained. For example, a single
fitting variable was assigned to the enthalpy of hydration
of a salt-bearing water cluster for the first three hydra-
tion steps beyond the anhydrous NaCl molecule. An-
other independent variable was assigned to the enthalpy
of the next three hydration steps and so on. It is un-
known if there was any physical motivation behind this
assignment choice. Furthermore, it is unclear if (and
unlikely that) this parameterization is universal enough
to be able to accommodate other salts (e.g., CuCl). Fi-
nally, it is not clear whether the dependence of the en-
thalpy of hydration on the number of hydration steps
Pitzer and Pabalan used was not overfitting the data,
i.e., if the temperature and pressure ranges of experi-
mental data, as well as the data quality (e.g, data scat-
tering) allowed them to uniquely constrain the values of
all the independent model parameters. It is a possibil-
ity that the values of enthalpies of formation they listed
was only one choice of a variety of possible choices that
can fit the experimental data equally well. Reliability of
the extrapolation beyond the experimental data would
be questionable if this last scenario is realized. On the
other hand, underfitting, where the fitting function was
not flexible enough to properly fit experimental data, is
also possible.
We believe that these uncertainties relating to the
original work by Pitzer and Pabalan have contributed
to the absence of publications where experimentally ob-
served salt solubility in vapor were analyzed with their
model. In this work, we perform a data fitting of NaCl
and CuCl solubility in water vapor, obtained in previ-
ous publications [3, 4, 6, 10], analyzing rigorously (i)
the degree of underfitting and overfitting, (ii) sensitiv-
ity of the fit quality to variations of fitting parameters,
and (iii) what happens if some of the previously fixed
model parameters are now treated as fitting variables.
The last scenario is relevant in a situation where, for
example, the thermodynamics of sublimation of salt is
not available from thermochemical tables. Furthermore,
to see whether extracted thermodynamic parameters are
reasonable, we also compare them to those obtained
from quantum chemical calculations performed with the
Gaussian 16 software package, and also to data avail-
able from thermochemical tables.
The paper is organized as follows. The Pitzer-
Pabalan model for salt solubility in water vapor is in-
troduced in Sec. 2. To set the stage for the analysis of
solubility, we first discuss the thermodynamics of pure-
water and pure-salt clusters in Secs. 3 and 4, respec-
tively. Solubilities of NaCl and CuCl in vapor are then
rigorously analyzed in Secs. 5 and 6, respectively. Ex-
tracted thermodynamic parameters are discussed in Sec.
7. Our conclusions are found in Sec. 8.
2. Pitzer-Pabalan Model
In the imperfect gas theory [11, 12], the interaction
between molecules in a sufficiently dilute multicom-
ponent molecular gas leads to the virial equation of
state, where the pressure is represented as a multivari-
able power series in fugacities of the molecular species.
It can be shown, that in the case of a strong attrac-
tive interaction between the molecules, which results in
the formation of tightly bound molecular clusters, the
virial coefficients of such an expansion are the equilib-
rium constants of formation of such clusters [11]. The
virial expansion can then be reinterpreted as one corre-
sponding to an ideal mixture of ideal gases of molecu-
lar clusters with the total pressure given by P =
∑
i Pi,
where Pi = ciRT is the partial pressure of an ideal gas
of clusters of the same type (e.g., the same stoichiom-
etry). The cluster molarities ci are obtained from the
2
equilibrium constants of cluster formation and are thus
determined by the strength of interaction of molecules
within clusters. In other words, strong attractive inter-
actions between molecules in a dilute gas can be treated
indirectly by introducing chemical-like reactions in an
otherwise ideal gas. For example, the attractive inter-
action between two water molecules in the water vapor
can be accounted for indirectly by considering the reac-
tion
H2O + H2O→ (H2O)2, (1)
where a new species is introduced - a tightly bound wa-
ter dimer (H2O)2. This approach belongs to the class of
the so called quasi-chemical approximations [11], an-
other example being the Hayden-O’Connell theory of
dimerization [13]. The validity of the approach is based
on a bound cluster being a well-defined entity, i.e., the
system has to be sufficiently dilute to keep clusters spa-
tially separated from each other. For example, the virial
expansion for water vapor fails when approaching the
vapor-liquid phase boundary where the density is too
high to consider clusters spatially isolated and non-
interacting, see Eq. (20) and the corresponding discus-
sion below.
Pitzer and Pabalan used the imperfect gas theory to-
gether with the assumption of tightly bound clusters to
describe salt solubility in water vapor [4]. They con-
sidered a gas of water and salt (e.g., NaCl or CuCl, de-
noted as X below) molecules in equilibrium with crys-
talline salt in the absence of liquid water. In the spirit of
the quasi-chemical approximation, the interactions be-
tween water and salt molecules were described by the
following set of reactions:
X(cr)→ X, (2a)
H2O + Xm:(H2O)n−1 → Xm:(H2O)n, (2b)
X + Xm−1:(H2O)n → Xm:(H2O)n. (2c)
Here, Eq. (2a) describes the extraction of the single
molecule of X from the solid crystalline salt X(cr) into
an ideal gas of single salt molecules. Typically, the
gaseous salt molecule would be denoted by X(g) in
literature, but we omit (g) for brevity. Thus, for ex-
ample, H2O and X represent ideal gas of single wa-
ter and salt molecules, respectively. A cluster made
of m salt molecules and n water molecules is denoted
by Xm:(H2O)n. Accordingly, an addition of a single
gaseous water or salt molecule to such a cluster is rep-
resented by Eqs. (2b) and (2c), respectively.
The changes in partial molar Gibbs free energies cor-
responding to Eqs. (2a)-(2c) read, respectively, as
∆Gs = G1,0 −Gcr, (3a)
∆G(H2O)m,n = Gm,n −G0,1 −Gm,n−1, (3b)
∆G(X)m,n = Gm,n −G1,0 −Gm−1,n, (3c)
Here, the partial molar Gibbs free energy (or mo-
lar chemical potential) of an ideal gas of clusters
Xm:(H2O)n (or in shorthand (m, n)-clusters) is denoted
by Gm,n. The partial molar Gibbs free energy of the solid
crystalline salt X(cr) is denoted by Gcr. The Gibbs free
energy of sublimation is denoted by ∆Gs. The change
of the molar Gibbs free energy in the process where a
single water or salt molecule is added to a cluster to pro-
duce the (m, n)-cluster is denoted by ∆G(H2O)m,n or ∆G
(X)
m,n,
respectively. In what follows, ∆G(H2O)m,n will be referred
to as the Gibbs free energy of hydration. The set of
reactions leading to the successive formation of a clus-
ter containing a single molecule of salt, and associated
changes in Gibbs free energies, are depicted in Figure
1. Some examples of formation of clusters are shown in
Figure 2. The partial molar Gibbs free energy of forma-
tion of a (m, n)-cluster out of m and n gaseous molecules
of salt and water, respectively, is denoted by
∆Gm,n = Gm,n − mG1,0 − nG0,1, (4)
where the notation is again chosen so that the pair of
the subscripts in the l.h.s. denote the product species -
the (m, n)-cluster. Using Eqs. (3b) and (3c), ∆Gm,n can
be written as a sum of energy changes corresponding to
successive additions of single water and salt molecules
to a cluster. For example,
∆G1,n =
n∑
i=1
∆G(H2O)1,i , (5)
as is illustrated in Figure 1. This allows us to write
∆G(H2O)1,n = ∆G1,n − ∆G1,n−1, that is ∆G(H2O)1,n can be con-
sidered a derivative of ∆G1,n with respect to n, evaluated
by the finite difference method, i.e., ∆G(H2O)1,n ∼ d(∆G1,n)dn .
Since the gas of clusters Xm:(H2O)n is assumed ideal,
its pressure is given by
Pm,n/P◦ = e(Gm,n−G
◦
m,n)/RT , (6)
where R is the gas constant, P◦ = 1 bar - standard pres-
sure, and G◦m,n(T ) = Gm,n(T, P◦) is the standard (i.e., at
standard pressure, temperature is arbitrary) partial mo-
lar Gibbs free energy of the ideal gas of (m, n)-clusters.
In what follows, we will generally omit writing T, P ar-
guments unless required. In equilibrium, the l.h.s of
Eqs. (3a)-(3c) vanish and and one can demonstrate that
Gm,n = mGcr + nG0,1 expectedly holds. Substituting this
into the Gibbs free energy change in Eq. (6) we obtain
Gm,n −G◦m,n = m(Gcr −G◦cr) + n(G0,1 −G◦0,1)
− m∆G◦s − ∆G◦m,n, (7)
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 G1,3
<latexit sha1_base64="vWuollZ3AONs2yqBx8 MIhwjaBWM=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaJIZkoxQhn6E G3/FjQtF3Lpw59+YPgStHgicnHPvTe4JYkaVdpxPK7OwuLS8kl3Nra1vbG7Z2zsNFSUSkzqOWCRbAVK EUUHqmmpGWrEkiAeMNIPB+dhv3hGpaCRu9DAmHkc9QUOKkTaSbx8WOheEaQQvb9NiR3JY9ctXByM/dY +OR7lvb3r17bxTciaAf4k7I3kwQ823PzrdCCecCI0ZUqrtOrH2UiQ1xYyY8YkiMcID1CNtQwXiRHnpZK kRLBilC8NImiM0nKg/O1LElRrywFRypPtq3huL/3ntRIdnXkpFnGgi8PShMGFQR3CcEOxSSbBmQ0MQl tT8FeI+kghrk2POhODOr/yXNMol1ym51yf5ijOLIwv2wD4oAhecggqoghqoAwzuwSN4Bi/Wg/VkvVpv 09KMNevZBb9gvX8BUMybyA==</latexit><latexit sha1_base64="vWuollZ3AONs2yqBx8 MIhwjaBWM=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaJIZkoxQhn6E G3/FjQtF3Lpw59+YPgStHgicnHPvTe4JYkaVdpxPK7OwuLS8kl3Nra1vbG7Z2zsNFSUSkzqOWCRbAVK EUUHqmmpGWrEkiAeMNIPB+dhv3hGpaCRu9DAmHkc9QUOKkTaSbx8WOheEaQQvb9NiR3JY9ctXByM/dY +OR7lvb3r17bxTciaAf4k7I3kwQ823PzrdCCecCI0ZUqrtOrH2UiQ1xYyY8YkiMcID1CNtQwXiRHnpZK kRLBilC8NImiM0nKg/O1LElRrywFRypPtq3huL/3ntRIdnXkpFnGgi8PShMGFQR3CcEOxSSbBmQ0MQl tT8FeI+kghrk2POhODOr/yXNMol1ym51yf5ijOLIwv2wD4oAhecggqoghqoAwzuwSN4Bi/Wg/VkvVpv 09KMNevZBb9gvX8BUMybyA==</latexit><latexit sha1_base64="vWuollZ3AONs2yqBx8 MIhwjaBWM=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaJIZkoxQhn6E G3/FjQtF3Lpw59+YPgStHgicnHPvTe4JYkaVdpxPK7OwuLS8kl3Nra1vbG7Z2zsNFSUSkzqOWCRbAVK EUUHqmmpGWrEkiAeMNIPB+dhv3hGpaCRu9DAmHkc9QUOKkTaSbx8WOheEaQQvb9NiR3JY9ctXByM/dY +OR7lvb3r17bxTciaAf4k7I3kwQ823PzrdCCecCI0ZUqrtOrH2UiQ1xYyY8YkiMcID1CNtQwXiRHnpZK kRLBilC8NImiM0nKg/O1LElRrywFRypPtq3huL/3ntRIdnXkpFnGgi8PShMGFQR3CcEOxSSbBmQ0MQl tT8FeI+kghrk2POhODOr/yXNMol1ym51yf5ijOLIwv2wD4oAhecggqoghqoAwzuwSN4Bi/Wg/VkvVpv 09KMNevZBb9gvX8BUMybyA==</latexit><latexit sha1_base64="vWuollZ3AONs2yqBx8 MIhwjaBWM=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaJIZkoxQhn6E G3/FjQtF3Lpw59+YPgStHgicnHPvTe4JYkaVdpxPK7OwuLS8kl3Nra1vbG7Z2zsNFSUSkzqOWCRbAVK EUUHqmmpGWrEkiAeMNIPB+dhv3hGpaCRu9DAmHkc9QUOKkTaSbx8WOheEaQQvb9NiR3JY9ctXByM/dY +OR7lvb3r17bxTciaAf4k7I3kwQ823PzrdCCecCI0ZUqrtOrH2UiQ1xYyY8YkiMcID1CNtQwXiRHnpZK kRLBilC8NImiM0nKg/O1LElRrywFRypPtq3huL/3ntRIdnXkpFnGgi8PShMGFQR3CcEOxSSbBmQ0MQl tT8FeI+kghrk2POhODOr/yXNMol1ym51yf5ijOLIwv2wD4oAhecggqoghqoAwzuwSN4Bi/Wg/VkvVpv 09KMNevZBb9gvX8BUMybyA==</latexit>
 G1,2
<latexit sha1_base64="LtLPsHQS3s0jzof8YJ k+nfq2k1E=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaDIzJBmhDP0I N/6KGxeKuHXhzr8x046g1QOBk3Puvck9XsSoVJb1aeQWFpeWV/KrhbX1jc0tc3unJcNYYNLEIQtFx0O SMBqQpqKKkU4kCOIeI21vdJ767TsiJA2DGzWOiMPRIKA+xUhpyTUPS70LwhSCl7dJuSc4rLvVq4OJm9 hHx5PCt5deqxPXLFoVawr4l9gZKYIMDdf86PVDHHMSKMyQlF3bipSTIKEoZkSPjyWJEB6hAelqGiBOpJ NMl5rAklb60A+FPoGCU/VnR4K4lGPu6UqO1FDOe6n4n9eNlX/mJDSIYkUCPHvIjxlUIUwTgn0qCFZsr AnCguq/QjxEAmGlcyzoEOz5lf+SVrViWxX7+qRYs7I48mAP7IMysMEpqIE6aIAmwOAePIJn8GI8GE/G q/E2K80ZWc8u+AXj/QtPR5vH</latexit><latexit sha1_base64="LtLPsHQS3s0jzof8YJ k+nfq2k1E=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaDIzJBmhDP0I N/6KGxeKuHXhzr8x046g1QOBk3Puvck9XsSoVJb1aeQWFpeWV/KrhbX1jc0tc3unJcNYYNLEIQtFx0O SMBqQpqKKkU4kCOIeI21vdJ767TsiJA2DGzWOiMPRIKA+xUhpyTUPS70LwhSCl7dJuSc4rLvVq4OJm9 hHx5PCt5deqxPXLFoVawr4l9gZKYIMDdf86PVDHHMSKMyQlF3bipSTIKEoZkSPjyWJEB6hAelqGiBOpJ NMl5rAklb60A+FPoGCU/VnR4K4lGPu6UqO1FDOe6n4n9eNlX/mJDSIYkUCPHvIjxlUIUwTgn0qCFZsr AnCguq/QjxEAmGlcyzoEOz5lf+SVrViWxX7+qRYs7I48mAP7IMysMEpqIE6aIAmwOAePIJn8GI8GE/G q/E2K80ZWc8u+AXj/QtPR5vH</latexit><latexit sha1_base64="LtLPsHQS3s0jzof8YJ k+nfq2k1E=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaDIzJBmhDP0I N/6KGxeKuHXhzr8x046g1QOBk3Puvck9XsSoVJb1aeQWFpeWV/KrhbX1jc0tc3unJcNYYNLEIQtFx0O SMBqQpqKKkU4kCOIeI21vdJ767TsiJA2DGzWOiMPRIKA+xUhpyTUPS70LwhSCl7dJuSc4rLvVq4OJm9 hHx5PCt5deqxPXLFoVawr4l9gZKYIMDdf86PVDHHMSKMyQlF3bipSTIKEoZkSPjyWJEB6hAelqGiBOpJ NMl5rAklb60A+FPoGCU/VnR4K4lGPu6UqO1FDOe6n4n9eNlX/mJDSIYkUCPHvIjxlUIUwTgn0qCFZsr AnCguq/QjxEAmGlcyzoEOz5lf+SVrViWxX7+qRYs7I48mAP7IMysMEpqIE6aIAmwOAePIJn8GI8GE/G q/E2K80ZWc8u+AXj/QtPR5vH</latexit><latexit sha1_base64="LtLPsHQS3s0jzof8YJ k+nfq2k1E=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcpMFXRZULA7K9gHtOOQSTNtaDIzJBmhDP0I N/6KGxeKuHXhzr8x046g1QOBk3Puvck9XsSoVJb1aeQWFpeWV/KrhbX1jc0tc3unJcNYYNLEIQtFx0O SMBqQpqKKkU4kCOIeI21vdJ767TsiJA2DGzWOiMPRIKA+xUhpyTUPS70LwhSCl7dJuSc4rLvVq4OJm9 hHx5PCt5deqxPXLFoVawr4l9gZKYIMDdf86PVDHHMSKMyQlF3bipSTIKEoZkSPjyWJEB6hAelqGiBOpJ NMl5rAklb60A+FPoGCU/VnR4K4lGPu6UqO1FDOe6n4n9eNlX/mJDSIYkUCPHvIjxlUIUwTgn0qCFZsr AnCguq/QjxEAmGlcyzoEOz5lf+SVrViWxX7+qRYs7I48mAP7IMysMEpqIE6aIAmwOAePIJn8GI8GE/G q/E2K80ZWc8u+AXj/QtPR5vH</latexit>
 G1,1
<latexit sha1_base64="oa4nuGQst+WoOZF6HK ShtuMxq98=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcqkCrosKNidFewD2nHIpJk2NPMgyQhl6Ee4 8VfcuFDErQt3/o2ZdgStHgicnHPvTe5xI86ksqxPI7ewuLS8kl8trK1vbG6Z2zstGcaC0CYJeSg6Lpa Us4A2FVOcdiJBse9y2nZH56nfvqNCsjC4UeOI2j4eBMxjBCstOeZhqXdBucLw8jYp94QP60716mDiJO joeFL49tIrmjhm0apYU8C/BGWkCDI0HPOj1w9J7NNAEY6l7CIrUnaChWKEUz0+ljTCZIQHtKtpgH0q7W S61ASWtNKHXij0CRScqj87EuxLOfZdXeljNZTzXir+53Vj5Z3ZCQuiWNGAzB7yYg5VCNOEYJ8JShQfa 4KJYPqvkAyxwETpHAs6BDS/8l/SqlaQVUHXJ8WalcWRB3tgH5QBAqegBuqgAZqAgHvwCJ7Bi/FgPBmv xtusNGdkPbvgF4z3L03Cm8Y=</latexit><latexit sha1_base64="oa4nuGQst+WoOZF6HK ShtuMxq98=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcqkCrosKNidFewD2nHIpJk2NPMgyQhl6Ee4 8VfcuFDErQt3/o2ZdgStHgicnHPvTe5xI86ksqxPI7ewuLS8kl8trK1vbG6Z2zstGcaC0CYJeSg6Lpa Us4A2FVOcdiJBse9y2nZH56nfvqNCsjC4UeOI2j4eBMxjBCstOeZhqXdBucLw8jYp94QP60716mDiJO joeFL49tIrmjhm0apYU8C/BGWkCDI0HPOj1w9J7NNAEY6l7CIrUnaChWKEUz0+ljTCZIQHtKtpgH0q7W S61ASWtNKHXij0CRScqj87EuxLOfZdXeljNZTzXir+53Vj5Z3ZCQuiWNGAzB7yYg5VCNOEYJ8JShQfa 4KJYPqvkAyxwETpHAs6BDS/8l/SqlaQVUHXJ8WalcWRB3tgH5QBAqegBuqgAZqAgHvwCJ7Bi/FgPBmv xtusNGdkPbvgF4z3L03Cm8Y=</latexit><latexit sha1_base64="oa4nuGQst+WoOZF6HK ShtuMxq98=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcqkCrosKNidFewD2nHIpJk2NPMgyQhl6Ee4 8VfcuFDErQt3/o2ZdgStHgicnHPvTe5xI86ksqxPI7ewuLS8kl8trK1vbG6Z2zstGcaC0CYJeSg6Lpa Us4A2FVOcdiJBse9y2nZH56nfvqNCsjC4UeOI2j4eBMxjBCstOeZhqXdBucLw8jYp94QP60716mDiJO joeFL49tIrmjhm0apYU8C/BGWkCDI0HPOj1w9J7NNAEY6l7CIrUnaChWKEUz0+ljTCZIQHtKtpgH0q7W S61ASWtNKHXij0CRScqj87EuxLOfZdXeljNZTzXir+53Vj5Z3ZCQuiWNGAzB7yYg5VCNOEYJ8JShQfa 4KJYPqvkAyxwETpHAs6BDS/8l/SqlaQVUHXJ8WalcWRB3tgH5QBAqegBuqgAZqAgHvwCJ7Bi/FgPBmv xtusNGdkPbvgF4z3L03Cm8Y=</latexit><latexit sha1_base64="oa4nuGQst+WoOZF6HK ShtuMxq98=">AAACFHicbVDLSgMxFM3UV62vUZdugqVQUcqkCrosKNidFewD2nHIpJk2NPMgyQhl6Ee4 8VfcuFDErQt3/o2ZdgStHgicnHPvTe5xI86ksqxPI7ewuLS8kl8trK1vbG6Z2zstGcaC0CYJeSg6Lpa Us4A2FVOcdiJBse9y2nZH56nfvqNCsjC4UeOI2j4eBMxjBCstOeZhqXdBucLw8jYp94QP60716mDiJO joeFL49tIrmjhm0apYU8C/BGWkCDI0HPOj1w9J7NNAEY6l7CIrUnaChWKEUz0+ljTCZIQHtKtpgH0q7W S61ASWtNKHXij0CRScqj87EuxLOfZdXeljNZTzXir+53Vj5Z3ZCQuiWNGAzB7yYg5VCNOEYJ8JShQfa 4KJYPqvkAyxwETpHAs6BDS/8l/SqlaQVUHXJ8WalcWRB3tgH5QBAqegBuqgAZqAgHvwCJ7Bi/FgPBmv xtusNGdkPbvgF4z3L03Cm8Y=</latexit>
 Gs
<latexit sha1_base64 ="Ebq3YfH+2UaZcN1Yj7QIv7ri5GI=">AAACIHic bVDLSgMxFM3UV62vUZdugqVQQcpMFeqyoGB3VrAP aMchk2ba0MyDJCOUYT7Fjb/ixoUiutOvMdMORVs PBM49594k9zgho0IaxpeWW1ldW9/Ibxa2tnd29/T 9g7YIIo5JCwcs4F0HCcKoT1qSSka6ISfIcxjpOOP L1O88EC5o4N/JSUgsDw196lKMpJJsvVbqXxEmEb y+j8t97sGGXb05SezYPD1LCnMzrc2kMC+FrReNij EFXCZmRoogQ9PWP/uDAEce8SVmSIieaYTSihGXFD Oiro4ECREeoyHpKeojjwgrni6YwJJSBtANuDq+h FP190SMPCEmnqM6PSRHYtFLxf+8XiTdCyumfhhJ4 uPZQ27EoAxgmhYcUE6wZBNFEOZU/RXiEeIIS5VpQ YVgLq68TNrVimlUzNvzYt3I4siDI3AMysAENVAH DdAELYDBI3gGr+BNe9JetHftY9aa07KZQ/AH2vcP U6mf7A==</latexit><latexit sha1_base64 ="Ebq3YfH+2UaZcN1Yj7QIv7ri5GI=">AAACIHic bVDLSgMxFM3UV62vUZdugqVQQcpMFeqyoGB3VrAP aMchk2ba0MyDJCOUYT7Fjb/ixoUiutOvMdMORVs PBM49594k9zgho0IaxpeWW1ldW9/Ibxa2tnd29/T 9g7YIIo5JCwcs4F0HCcKoT1qSSka6ISfIcxjpOOP L1O88EC5o4N/JSUgsDw196lKMpJJsvVbqXxEmEb y+j8t97sGGXb05SezYPD1LCnMzrc2kMC+FrReNij EFXCZmRoogQ9PWP/uDAEce8SVmSIieaYTSihGXFD Oiro4ECREeoyHpKeojjwgrni6YwJJSBtANuDq+h FP190SMPCEmnqM6PSRHYtFLxf+8XiTdCyumfhhJ4 uPZQ27EoAxgmhYcUE6wZBNFEOZU/RXiEeIIS5VpQ YVgLq68TNrVimlUzNvzYt3I4siDI3AMysAENVAH DdAELYDBI3gGr+BNe9JetHftY9aa07KZQ/AH2vcP U6mf7A==</latexit><latexit sha1_base64 ="Ebq3YfH+2UaZcN1Yj7QIv7ri5GI=">AAACIHic bVDLSgMxFM3UV62vUZdugqVQQcpMFeqyoGB3VrAP aMchk2ba0MyDJCOUYT7Fjb/ixoUiutOvMdMORVs PBM49594k9zgho0IaxpeWW1ldW9/Ibxa2tnd29/T 9g7YIIo5JCwcs4F0HCcKoT1qSSka6ISfIcxjpOOP L1O88EC5o4N/JSUgsDw196lKMpJJsvVbqXxEmEb y+j8t97sGGXb05SezYPD1LCnMzrc2kMC+FrReNij EFXCZmRoogQ9PWP/uDAEce8SVmSIieaYTSihGXFD Oiro4ECREeoyHpKeojjwgrni6YwJJSBtANuDq+h FP190SMPCEmnqM6PSRHYtFLxf+8XiTdCyumfhhJ4 uPZQ27EoAxgmhYcUE6wZBNFEOZU/RXiEeIIS5VpQ YVgLq68TNrVimlUzNvzYt3I4siDI3AMysAENVAH DdAELYDBI3gGr+BNe9JetHftY9aa07KZQ/AH2vcP U6mf7A==</latexit><latexit sha1_base64 ="Ebq3YfH+2UaZcN1Yj7QIv7ri5GI=">AAACIHic bVDLSgMxFM3UV62vUZdugqVQQcpMFeqyoGB3VrAP aMchk2ba0MyDJCOUYT7Fjb/ixoUiutOvMdMORVs PBM49594k9zgho0IaxpeWW1ldW9/Ibxa2tnd29/T 9g7YIIo5JCwcs4F0HCcKoT1qSSka6ISfIcxjpOOP L1O88EC5o4N/JSUgsDw196lKMpJJsvVbqXxEmEb y+j8t97sGGXb05SezYPD1LCnMzrc2kMC+FrReNij EFXCZmRoogQ9PWP/uDAEce8SVmSIieaYTSihGXFD Oiro4ECREeoyHpKeojjwgrni6YwJJSBtANuDq+h FP190SMPCEmnqM6PSRHYtFLxf+8XiTdCyumfhhJ4 uPZQ27EoAxgmhYcUE6wZBNFEOZU/RXiEeIIS5VpQ YVgLq68TNrVimlUzNvzYt3I4siDI3AMysAENVAH DdAELYDBI3gGr+BNe9JetHftY9aa07KZQ/AH2vcP U6mf7A==</latexit>
Figure 1: Schematics of successive formation of salt-bearing water cluster.
(a) (b)
(c) (d)
 G
(H2O)
0,2
<latexit sha1_base64="xGuUNJLciDqgJbEyO095lZm M3J4=">AAACQ3icbVDbShxBEO3ReMl6W81jCDRZBAVZZlbBPIoGsm9uIKvCzjr09NS6jX0ZumsiyzBPfo2v+g1+RL 4hb8FXwd51H+KloKlTp05RXSfNpXAYhn+CmdkPc/MLix9rS8srq2v19Y0TZwrLocuNNPYsZQ6k0NBFgRLOcgtMpR JO08ujcf/0N1gnjP6Foxz6il1oMRCcoaeS+pf4O0hk9Md5uVXGVtF20jqutqukDHdaVVJvhM1wEvQtiKagQabRSda D1TgzvFCgkUvmXC8Kc+yXzKLgEqpaXDjIGb9kF9DzUDMFrl9O7qjopmcyOjDWP410wv4/UTLl3EilXqkYDt3r3ph8 r9crcPCtXwqdFwiaPy8aFJKioWNTaCYscJQjDxi3wv+V8iGzjKO37sUWPgSlvMY4f4uGK258qbMyduiwGidfMZv5j P7cmncweu3XW3DSaka7zdbPvcbB4dTLRfKZfCVbJCL75IC0SYd0CSfX5IbckrvgPvgb/AsenqUzwXTmE3kRweMTN pSwDg==</latexit>
 G
(H2O)
1,2
<latexit sha1_base64="7azdTZuXdTyPIfJamaMYP/4 mzTM=">AAACgXicdVDfSxtBEN6cttq0tbE+9mUxCAoS7s6Chb5IFepTVTAqJOkxtzcxi/vj2J1rCcf9cf0z+hf0tf 0Puol5UNMOLPPNfPMxO19eKukpjn+2opXVZ8/X1l+0X756vfGms/n2ytvKCewLq6y7ycGjkgb7JEnhTekQdK7wOr 87nvHX39B5ac0lTUscabg1ciwFUGhlncHO8AQVAf/8td6th07z0yw9a/aarI7306a9RH+BYzWn0/24af9XnARx1un GvXgefBkkC9BlizjPNlsbw8KKSqMhocD7QRKXNKrBkRQKw7rKYwniDm5xEKABjX5Uz11o+E7oFHxsXXiG+Lz7UFGD 9n6q8zCpgSb+KTdr/osbVDT+MKqlKStCI+4XjSvFyfKZpbyQDgWpaQAgnAx/5WICDgQF4x9tERPUOsxYH24x+F3YU JqiHnry1MxSqMAVIVM4tx0cTJ76tQyu0l5y0Esv3nePPi28XGfv2DbbZQk7ZEfslJ2zPhPsB/vFfrM/0Uq0F8VRe j8atRaaLfYooo9/AYNYwXw=</latexit>
 G
(H2O)
1,2
<latexit sha1_base64="7azdTZuXdTyPIfJamaMYP/4mzTM=">AAACgXicdVDfSxtBEN6cttq0tbE+9mUxCAoS7 s6Chb5IFepTVTAqJOkxtzcxi/vj2J1rCcf9cf0z+hf0tf0Puol5UNMOLPPNfPMxO19eKukpjn+2opXVZ8/X1l+0X756vfGms/n2ytvKCewLq6y7ycGjkgb7JEnhTekQdK7wOr87nvHX39B5ac0lTUscabg1ciwFUGhlncHO8AQVAf/8td6 th07z0yw9a/aarI7306a9RH+BYzWn0/24af9XnARx1unGvXgefBkkC9BlizjPNlsbw8KKSqMhocD7QRKXNKrBkRQKw7rKYwniDm5xEKABjX5Uz11o+E7oFHxsXXiG+Lz7UFGD9n6q8zCpgSb+KTdr/osbVDT+MKqlKStCI+4XjSvFyfKZ pbyQDgWpaQAgnAx/5WICDgQF4x9tERPUOsxYH24x+F3YUJqiHnry1MxSqMAVIVM4tx0cTJ76tQyu0l5y0Esv3nePPi28XGfv2DbbZQk7ZEfslJ2zPhPsB/vFfrM/0Uq0F8VRej8atRaaLfYooo9/AYNYwXw=</latexit>
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Figure 2: Several representative cluster formation processes. For each process, the change of the Gibbs free energy in the process is written. Cluster
geometries are obtained from the quantum chemical calculations with the Gaussian 16 software package [14].
where ∆G◦m,n is given by Eq. (4), taken at the standard
pressure. The fugacity of water vapor, or more simply
water fugacity, is introduced as
f = P◦e(G0,1−G
◦
0,1)/RT . (8)
The relative activity of salt is as = e(Gcr−G
◦
cr)/RT . Eq. (7)
then becomes
Gm,n −G◦m,n = mRT ln as + nRT ln
f
P◦
− m∆G◦s − ∆G◦m,n. (9)
Since the crystalline salt is only weakly compressible,
one can assume the salt molar volume independent of
pressure and apply the Poynting method to estimate the
variation of Gcr(T, P) with pressure [15]. More specifi-
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cally, Gcr(T, P)−G◦cr(T ) ≈ V◦s (P−P◦), where P is the to-
tal pressure in the system and V◦s is the molar volume of
the crystalline salt at the standard pressure. Typical ex-
perimental pressures are up to P ∼ 200 bar at character-
istic temperatures T ∼ 600 K [10]. As an example, for
NaCl with an ambient density of 2.16 g/cm3 and molar
mass of 58.4 g/mol, the relative activity is as ≈ 1.1. The
ambient bulk modulus of NaCl is ∼ 24 GPa [16], which
leads to relative changes of molar volume with pressure
on the level of 200 bar/24 GPa ∼ 10−3, thus justifying
the assumption of pressure-independent molar volume.
The results are very similar for CuCl. In what follows,
we set as = 1. Therefore, Eq. (6) can be rewritten as
Pm,n/P◦ = e−∆G˜
◦
m,n/RT
(
f
P◦
)n
, (10)
where ∆G˜◦m,n = m∆G◦s + ∆G◦m,n - the change of the stan-
dard molar Gibbs free energy in a process where m salt
molecules are extracted from the crystalline bulk and
combined with n gaseous molecules of water to form
the (m, n)-cluster. The resulting total pressure is
P/P◦ =
∑′
m,n
e−∆G˜
◦
m,n/RT
(
f
P◦
)n
, (11)
where the primed sum means that summation is done
over all pairs m, n ≥ 0 that satisfy m + n > 0. In partic-
ular, we can write
P/P◦ =
∞∑
n=1
e−∆G
◦
0,n/RT
(
f
P◦
)n
+
∞∑
n=0
e−∆G˜
◦
1,n/RT
(
f
P◦
)n
+ ..., (12)
where the first r.h.s term corresponds to imperfect wa-
ter vapor with no salt in it. Instead of explicitly per-
forming the summation in this term, we use a Python
implementation of IAPWS-95 - an accurate equation of
state (EOS) for water vapor [17, 18]. The second r.h.s.
term represents (1, n)-clusters. We will demonstrate be-
low, in Sec. 4.1, that only these two terms are impor-
tant for conditions considered in this work, or in other
words, contributions from clusters bearing two or more
salt molecules are negligible. Under these conditions,
the partial pressure of the salt-bearing clusters is
PX/P◦ =
∞∑
n=0
e−∆G˜
◦
1,n/RT
(
f
P◦
)n
. (13)
Here, each summation term is proportional to the con-
centration of the cluster of the corresponding size. The
mean number of water molecules in a cluster can, there-
fore, be calculated as
〈n〉 =
∑∞
n=0 ne
−∆G˜◦1,n/RT
(
f
P◦
)n
∑∞
n=0 e
−∆G˜◦1,n/RT
(
f
P◦
)n = ∂ ln PX∂ ln f . (14)
Values of ∆G˜◦1,n are functions of temperature, and
in order to obtain them from fits to experimental data,
we need to approximate them with a few-parameter
functional form. As in Ref. [4], we assume that the
constant-pressure heat capacities, defined by the sec-
ond derivative of ∆G˜◦1,n with respect to temperature, are
temperature-independent constants. This results in
∆G˜◦1,n(T ) = ∆H˜
−◦
1,n − T∆S˜ −◦1,n
− T∆C˜−◦1,n
[
ln
T
Tref
+
Tref
T
− 1
]
, (15)
where the three parameters ∆H˜−◦1,n, ∆S˜
−◦
1,n and ∆C˜
−◦
1,n are
the molar enthalpy, entropy and constant-pressure heat
capacity changes for the process of formation of (1, n)-
cluster out of n gaseous water molecules and a salt
molecule, extracted from bulk, evaluated at the stan-
dard pressure P◦ and the reference temperature Tref .
To facilitate comparison with results of Ref. [4], the
reference temperature is taken Tref = 500 K. We em-
phasize again that superscript ◦ stands for the standard
state at the standard pressure (P◦ = 1 bar), but arbitrary
temperature, whereas superscript −◦ also sets the tem-
perature to be T = Tref . In this paper, C denotes the
constant-pressure molar heat capacity. We, therefore,
omit P in the usual notation CP for brevity. Expres-
sions analogous to Eq. (15) will also be used to repre-
sent the temperature dependence of ∆G◦s , ∆G◦1,n, ∆G
◦(X)
1,n
and ∆G◦(H2O)1,n . The accuracy of assuming a temperature-
independent heat capacity in Eq. (15) will be discussed
in Sec. 7.4.
3. Thermodynamics of (H2O)n cluster formation
In this and the following section, we discuss the ther-
modynamics of forming pure-water and pure-salt clus-
ters, respectively. Primarily, we do this because we ex-
pect that the thermodynamics of forming salt-bearing
water clusters will be somewhere “in between” those of
pure-water and pure-salt. Secondary, since good qual-
ity experimental data is available for thermodynamics
of pure clusters, it can serve as a benchmark for the re-
liability of the quantum chemistry-based calculations.
First, consider the process of forming large water
clusters, Eq. (2b) at m = 0 and n  1. It turns out
5
that the complete thermodynamic description of such
a process can be extracted from a complete EOS that
describes both vapor and liquid water. The black line
in Figure 3 shows the dependence of the molar Gibbs
free energy for water at T = Tref , evaluated from the
IAPWS-95 EOS [17, 18].
At this temperature, liquid water is a thermodynami-
cally stable phase at P ? 28 bar, with vapor being sta-
ble at lower pressures. The vapor-liquid phase transi-
tion appears as a derivative discontinuity in the black
line. To obtain the thermodynamic parameters for a pro-
cess involving addition of a single water molecule to a
large pure-water cluster, we first consider the thermo-
dynamics of the ideal vapor. According to the first r.h.s
term in Eq. (12), the vapor becomes ideal (i.e., no water
clusters, just monomers) at infinitely low pressures. In
practice, we assume that the vapor is sufficiently ideal
at some low pressure P′ (e.g., ∼ 10−3 bar). The partial
molar Gibbs free energy for the ideal vapor at arbitrary
pressure P is then evaluated as
G0,1(T, P) = G(T, P′) + RT ln P/P′, (16)
where G(T, P′) is calculated directly from IAPWS-95
and other thermodynamic state functions are obtained
from G0,1(T, P) using thermodynamic derivatives. The
resulting Gibbs free energy, entropy and heat capac-
ity of the ideal vapor are plotted as dashed blue lines
in Figure 3(a), (b) and (c), respectively. That P′ was
taken sufficiently low is confirmed by, for example,
panel (a) where the dashed blue line agrees perfectly
with IAPWS-95 at low pressures. Close to the boiling
point (e.g., P ∼ 20 bar), the Gibbs free energy of the
real vapor deviates from ideality due to the contribu-
tion of dimers and larger clusters. As an illustration to
using thermodynamic derivatives to obtain various ther-
modynamic parameters from Eq. (16), the dependence
of constant-pressure heat capacity for the ideal vapor
(i.e., the gas of monomers) at standard pressure, com-
puted from the second derivative of G0,1 with respect to
temperature, is represented by the black line in Figure
4.
Now consider an ideal gas of very large salt-free wa-
ter clusters (m = 0, n  1). Each such cluster can be
treated as a droplet of liquid water [19–21] and there-
fore the partial Gibbs free energy for a mole of large
(0, n)-clusters can be written as
G◦0,n(T ) ≈ nGliq(T ), (17)
where Gliq(T ) is the Gibbs free energy of a mole of wa-
ter molecules in the liquid phase. We neglected the con-
tributions of translation and rotation of the cluster as the
whole, as well as the surface energy term, in the r.h.s.
of Eq. (17), since they are small compared to nGliq for
sufficiently large clusters [20]. An important point is
that since the imperfect gas theory assumes that clusters
do not interact directly, Gliq has to be evaluated at zero
pressure, and not at P◦. Thermodynamic information
for liquid water at zero pressure is not directly available
since the liquid water is not a thermodynamically sta-
ble phase at zero pressure. However, thermodynamic
variables are seen to vary slowly with pressure in Fig-
ure 3 in the liquid regime (P ? 28 bar), which is the
result of the very low compressibility of liquid water.
We can thus extrapolate thermodynamic state functions,
evaluated where the liquid phase is still stable, to zero
pressure using, for example, a low-degree polynomial
regression. This approach yields thermodynamic prop-
erties of a metastable phase - the liquid water at zero
pressure. The constant-pressure heat capacity of liq-
uid water, extracted by this method and normalized to
a mole of water molecules, is represented by the blue
line in Figure 4.
Using Eq. (17), the change in the molar Gibbs free
energy in the process of adding a water molecule to a
large (0, n)-cluster can be calculated as
∆G◦(H2O)0,n = G
◦
0,n −G◦0,1 −G◦0,n−1 = Gliq −G◦0,1. (18)
Temperature derivatives of this expression produce the
enthalpy, entropy and constant-pressure heat capacity
changes, ∆H◦0,∞, ∆S
◦
0,∞ and ∆C
◦
0,∞ (n is substituted with∞ to emphasize the large size of clusters), plotted in
Figure 5 by the blue lines. Corresponding changes in
standard molar enthalpy, entropy and constant-pressure
heat capacity at the reference temperature are shown in
the last row of Table 1. These three parameters can be
used in an equation similar to Eq. (15) to approximate
the temperature dependence of ∆G◦(H2O)0,∞ .
It is instructive to attempt to use Eq. (17) in order
to calculate the pressure of pure water vapor from Eq.
(12) in the large fugacity regime where the contribution
of large water clusters to the total pressure is expected
to be dominant. To this end, we substitute Eqs. (4) and
(17) into the first r.h.s term of Eq. (12) to obtain
PH2O =P
◦
∞∑
n=1
e−∆G
◦
0,n/RT
(
f
P◦
)n
≈P◦
∞∑
n=1
e−n(Gliq−G
◦
0,1)/RT
(
f
P◦
)n
. (19)
This constitutes an infinite geometric series which can
be summed up exactly to yield, with the help of Eq. (8)
PH2O = P
◦ [e(Gliq−G0,1)/RT − 1]−1 . (20)
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Figure 3: Molar Gibbs free energy, entropy and constant-pressure heat capacity for water (IAPWS-95 EOS) are plotted as functions of pressure at
T = Tref .
∆H−◦(H2O)0,n (kJ/mol) ∆S
−◦(H2O)
0,n /R ∆C
−◦(H2O)
0,n /R
n = 2 −16.59 −9.49 −2.51
n = ∞ −35.26 −11.62 5.92
Table 1: Standard molar enthalpy, entropy and heat capacity of hydration of pure-water clusters, evaluated from IAPWS-95 at Tref .
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Figure 4: Molar constant-pressure heat capacities extracted from
IAPWS-95 for ideal gas of monomers (n = 1), dimers (n = 2) and
very large clusters (n = ∞) at standard pressure. Heat capacities are
normalized per mole of water molecules, C◦0,n/nR.
The pressure of water vapor is thus seen to monoton-
ically increase when the partial molar Gibbs free en-
ergy of ideal water vapor approaches that of liquid water
from below. The pressure diverges, indicating the limit
of applicability of the virial expansion in Eq. (19), at
G0,1 = Gliq, which is the vapor-liquid phase boundary.
3.1. Water dimer formation
Now consider the formation of the smallest possible
pure-water clusters, i.e., dimers. As discussed above,
the deviation of the Gibbs free energy for water from
that of ideal vapor (black and dashed blue lines, respec-
tively, in Figure 3(a)), at pressures just below the boiling
point (P > 28 bar) is due to the non-ideality of water
vapor. The pressure of non-ideal vapor can be approxi-
mated by truncating the summation in the first r.h.s term
of Eq. (12) to only monomers and dimers, resulting in
P ≈ f + e−∆G◦0,2/RT f 2/P◦. Here, the fugacity f of the
non-ideal vapor is exactly the pressure of the ideal va-
por at the same Gibbs free energy, and so one can extract
∆G◦0,2 = ∆G
◦(H2O)
0,2 by evaluating the low-pressure limit
of (Psteam − f )/ f 2 from the difference between the solid
black and dashed blue lines in Figure 3(a). The low-
pressure limit is required to eliminate the contribution of
trimers and larger clusters. Finding ∆G◦(H2O)0,2 as a func-
tion of temperature and numerically evaluating its tem-
perature derivatives provides the changes in other ther-
modynamic parameters for the same process. Standard
molar enthalpy, entropy and heat capacity changes, ex-
tracted from IAPWS-95 using this approach, are shown
in Figure 5 by the black lines. Standard molar en-
thalpy, entropy and heat capacity changes evaluated at
Tref are given in the upper numerical row of Table 1.
The temperature dependence of heat capacity for a wa-
ter molecule in the dimer is depicted in Figure 4 by the
red line. Essentially the same approach, also based on
IAPWS-95, was used in Ref. [22]. Two representative
temperature points from this reference are shown in Fig-
ure 5 by green circles.
To have an independent source of thermodynamic pa-
rameters for the cluster formation processes, we per-
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Figure 5: Standard molar enthalpy, entropy and heat capacity of hydration of pure-water clusters are plotted as functions of temperature in panels
(a), (b) and (c), respectively. Thermodynamic parameters for dimer formation, extracted from IAPWS-95 in this work and adopted from Ref. [22],
are shown by the black lines and green circles, respectively. The corresponding results of quantum chemical calculations are given by the dashed
red lines. The thermodynamics of a single hydration step of a very large pure-water cluster is represented by the blue lines.
formed quantum chemical calculations using the Gaus-
sian 16 software package [14]. The computational
method used was Density Functional Theory [23], per-
formed with the B3LYP [24, 25] functional and a 6-
311+G(d,p) basis set for all atoms. Structural optimiza-
tions and vibrational calculations were all performed
at this level. The grid used for numerical integration
of exchange-correlation energies was ultrafine, and the
spatial step-size during optimization was held as small
as possible. Chloride complexes and water clusters were
explicitly hydrated by building up structures one wa-
ter molecule at a time. For example, the lowest energy
structure for X:(H2O)n was found by placing an explicit
water molecule at several orientations (5 – 15) around
the X:(H2O)n−1 cluster, and allowing each of these ini-
tial guesses to optimize independently. The X:(H2O)n
structure with the lowest “cold” energy (energy at T = 0
with zero-point energies of vibrations excluded) was
then chosen, and used to construct the initial guesses for
X:(H2O)n+1. This approach samples many possible ge-
ometries and maximizes the chances of finding the true
global minimum for a given cluster. All optimizations
were confirmed to be at an energy minima by a subse-
quent vibrational calculation that resulted in no imagi-
nary frequencies.
The total ground-state energy of a cluster in its opti-
mal geometry, the moment of inertia tensor and the vi-
brational frequencies were extracted from Gaussian 16
output files. These parameters were then used to gen-
erate a complete internally consistent EOS for an ideal
gas of clusters of a given size within the rigid rotor har-
monic oscillator (RRHO) approximation [26] using the
code Magpie [27]. The ground electronic state was al-
ways assumed. Such thermochemical calculations are
illustrated in Figure 5, where the standard molar en-
thalpy, entropy and heat capacity changes, correspond-
ing to the formation of a water dimer, Eq. (1), are shown
by the dashed red lines in panels (a), (b) and (c), respec-
tively. As one can see, the magnitudes of enthalpy and
entropy changes for the dimer formation process, ob-
tained using the two described methods, agree reason-
ably well. Their temperature dependences and therefore
the change in heat capacity are rather different however.
In particular, ∆C◦(H2O)0,2 is of different sign for RRHO
and IAPWS-95 based approaches. This disagreement is
likely originating from the well-known failure of RRHO
to account for the anharmonicity of the low-frequency
inter-molecular vibrations [22].
4. Thermodynamics of Xm cluster formation
Now consider dimerization of NaCl molecules in an
anhydrous vapor of sodium chloride. RRHO results for
this process are shown by dashed red lines in Figure 6.
Thermochemical data for NaCl monomers, dimers and
crystalline bulk are available from the JANAF thermo-
chemical tables [28]. This allows one to evaluate the
thermodynamics of formation of dimers and very large
clusters out of the ideal gas of monomers. The former,
plotted by solid black lines in Figure 6, shows the rea-
sonable agreement with the RRHO results for the en-
thalpy and entropy, and good agreement for the heat ca-
pacity.
The thermodynamics for the process of adding a
NaCl monomer to a large cluster, Eq. (2c) with m  1
and n = 0, is shown by the blue lines in the same fig-
ure. The caveat is that since the thermodynamic data for
NaCl is only available at standard pressure from the ta-
bles, one cannot extrapolate to zero pressure as we did
for large pure-water clusters. However, the compress-
ibility of crystalline NaCl is lower than that of liquid
8
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Figure 6: ∆H◦(NaCl)m,0 , ∆S
◦(NaCl)
m,0 and ∆C
◦(NaCl)
m,0 for the process of addition of a NaCl monomer to a pure NaCl cluster, Eq. (2c) at n = 0.
Thermodynamic state functions are extracted from JANAF tables for m = 2 (black lines), and m = ∞ (blue lines). RRHO results for the dimer
formation (m = 2) are represented by the dashed red lines.
water by at least an order of magnitude so we simply
assume that the bulk NaCl thermodynamics potentials
are the same at zero and standard pressures. It is ex-
pected that an added monomer interacts with more salt
molecules in a larger cluster than in a dimer, which
rationalizes the observation of ∆H◦(NaCl)∞,0 < ∆H
◦(NaCl)
2,0
and ∆C◦(NaCl)∞,0 > ∆C
◦(NaCl)
2,0 in the figure. On the other
hand, the motion of salt molecules in the large cluster
is more correlated than in the dimer due to the stronger
interaction in the former case, which is the reason for
∆S ◦(NaCl)∞,0 < ∆S
◦(NaCl)
2,0 in Figure 6(b).
The knowledge of the dimer formation thermody-
namics allows one to estimate the contribution of
(2, n)-clusters to PX. Eq. (10) yields P2,n/P◦ =
e−∆G˜
◦
2,n/RT
(
f
P◦
)n
, where
∆G˜◦2,n = 2∆G
◦
s + ∆G
◦(NaCl)
2,0 + ∆G
◦(H2O)
2,1
+ ∆G◦(H2O)2,2 + ... + ∆G
◦(H2O)
2,n . (21)
The last n r.h.s. terms in this expression describe the
successive addition of water molecules to the NaCl
dimer, stabilizing the latter. The stabilization effect is
expected to be greater for a single NaCl molecule than
for the dimer because in the latter case the interaction
between a salt molecule and water is screened by the
other salt molecule. We can therefore estimate P2,n from
above by substituting ∆G◦(H2O)2,i with ∆G
◦(H2O)
1,i , which
transforms Eq. (21) into
∆G˜◦2,n ≈ ∆G◦s + ∆G◦(NaCl)2,0 + ∆G˜◦1,n (22)
which in turn produces
P2,n/P◦ ≈ e−
[
∆G◦s+∆G
◦(NaCl)
2,0
]
/RT P1,n/P◦. (23)
We estimate the value of the exponential function in
the r.h.s. of Eq. (23) at Tref using the data from Fig-
ure 6 and Table 2 to be ≈ 0.01 so P2,n is smaller than
0.01P1.n. Therefore, the NaCl solubility in water vapor
is strongly dominated by (1, n)-clusters. We expect this
statement to be accurate at other temperatures, as well
as for CuCl. The one caveat in the above considerations
is that it is assumed that two salt monomers are bonded
inside a water cluster. However, if there is large wa-
ter cluster formed (effectively a droplet of liquid water),
there is a gain in translational entropy if the salt dimer is
split into two monomers that can explore the volume of
the droplet independently. Furthermore, dissociation of
neutral salt monomers into atomic ions can be expected
in such droplets. This is expected to become important
only very close to the vapor-liquid phase transition, i.e.,
for highly non-ideal vapor containing a lot of droplets.
We do not consider this regime here.
Assuming classical harmonic intra- and inter-
molecular vibrations, the molar heat capacity of an ideal
gas of NaCl monomers is C◦1,0 =
3
2 R+
2
2 R+
1
1 R+R, where
the r.h.s. terms stand for, respectively, the contributions
of three translational degrees of freedom (DOF), the ro-
tation of a linear rotor, the single vibrational mode, and
the difference between constant-volume and constant-
pressure heat capacities of an ideal gas. This results in
C◦1,0/R = 4.5. For a dimer, and larger clusters, sim-
ilar considerations yield (assuming a non-linear rotor)
C◦m,0 =
3
2 R +
3
2 R +
6m−6
1 R + R = (6m − 2)R, which re-
sults in C2,0/2R = 5 and Cm,0/mR = 6R for m → ∞.
These simple estimates are seen to agree well with re-
sults calculated from the JANAF tables [28] in Figure 7.
Some deviations are due to anharmonicity in large clus-
ters and partially quantum-mechanically “frozen” vibra-
tional modes in small clusters. The changes in heat ca-
pacities as ∆C◦(NaCl)m,0 = C
◦
m,0 −C◦m−1,0 −C◦(NaCl)1,0 result in
the sold black and blue lines in Figure 6(c). The agree-
ment of the RRHO results for the dimer with the black
line is also good, implying that the assumption of har-
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Figure 7: Standard molar heat capacity of a pure-NaCl cluster nor-
malized per number of salt monomers in it, C◦m,0/mR. The results for
monomers (m = 1), dimers (m = 2) and crystalline phase (m → ∞)
are plotted by the black, red and blue lines, respectively.
monic vibrations in RRHO is accurate in small clusters.
An application of the same DOF-counting approach
to evaluation of heat capacities of pure-water clusters
produces
C◦0,n =
3
2
R +
3
2
R +
6n − 6
1
R + R, (24)
where the inter-molecular vibrations (6n − 6 DOFs)
are all assumed classical and harmonic, and the
intra-molecular vibrations are all assumed quantum-
mechanically frozen and, therefore, not contributing to
the heat capacity. The results are C◦0,1/R = 4, C
◦
0,2/2R =
5 and C◦0,n/nR = 6 for n→ ∞. These could be compared
to the results extracted from IAPWS-95, Figure 4. The
agreement is good for the ideal gas of monomers. The
agreement is worse for the dimers and, especially, for
the very large clusters. The difference is expected to be
due to significant anharmonicity of van der Waals inter-
action between water molecules in clusters. The same
anharmonicity is the chief reason for disagreement be-
tween IAPWS-95 and RRHO results for dimers in Fig-
ure 5.
The thermodynamics of successive addition of wa-
ter molecules to a salt-bearing water cluster X:(H2O)n
should converge to that of pure-water clusters at large
n. The above considerations of heat capacities demon-
strated that the thermodynamics of water clusters is
complex so, for example, simple estimates of the cluster
heat capacities based on counting DOFs are inaccurate.
We postulate that the agreement between such simple
estimates and experimental data for heat capacities of
X:(H2O)n in Ref. [4] are due to error cancellation.
4.1. Thermodynamics of sublimation
Thermodynamics of sublimation for NaCl and CuCl
is known accurately from the JANAF [28] and Pankratz
[29] thermochemical tables. In particular, ∆G◦s(T ) can
be extracted from the tables over a wide temperature
range. However, (i) to treat all the thermochemical data
on the same level of approximations, and also (ii) to
anticipate situations where such detailed thermochem-
ical data on temperature variation is not available, we
will use an expression similar to Eq. (15) to repre-
sent ∆G◦s(T ) instead of the full thermochemical data. To
properly parameterize such an expression, we first gen-
erate PX(T ) from Eq. (13) at vanishing water fugacity
over an experimentally realistic temperature range us-
ing the full thermochemical data from the JANAF [28]
and Pankratz [29] tables. Then, the resulting PX(T )
is fit with the combination of Eq. (13) and Eq. (15).
The fitting procedure will be described in detail in Sec.
5.1. The results of the fitting are compiled in Table
2, and the fit qualities can be seen in Figure 8. Pres-
sure evaluated directly from the thermochemical tables
is shown in Figure 8 by solid lines. The fitting re-
sults are shown by black dots and magenta circles. The
agreement is excellent for both NaCl and CuCl, even
though Eq. (15) is a smooth function of temperature,
and, therefore, might not a priori be considered appli-
cable to describe the thermodynamics of CuCl, which
has a solid-to-liquid transition at T ≈ 700 K. In Table
2, the first four numerical columns represent the fitting
of NaCl and CuCl sublimation thermodynamics, with
thermochemical data coming Refs. [28, 29], where all
the three parameters ∆H−◦s , ∆S −◦s and ∆C−◦s are allowed to
vary. Theses results are shown by black dots in the Fig-
ure. As is seen in Table 2, fitting the Pankratz thermo-
chemical data for CuCl results in a significantly larger
magnitude of the change in the heat capacity upon sub-
limation (fourth numerical column), compared to those
in the first three numerical columns. To test the sen-
sitivity of the fitting quality to this parameter, we also
fit the same thermochemical data with the constraint
∆C−◦s /R = −3. The result of this fit, the last column
in Table 2, is represented by magenta circles in Figure
8. The deviation from the direct thermochemical data,
and from the fit with all the three parameter varied, is
almost negligible, indicating that the magnitude of ∆C−◦s
extracted from this fitting is not too reliable.
The condensation of gaseous NaCl into a crystal (i.e.,
reverse sublimation) can be thought of as adding a sin-
gle salt molecule to a very large NaCl cluster, i.e., we
expect ∆G◦s = −∆G◦(NaCl)∞,0 , and similarly for ∆H◦ and
10
NaCl (J) NaCl (P) CuCl (J) CuCl (P) CuCl (P)
∆H−◦s (kJ/mol) 227 231 225 243 239
∆S −◦s /R 18.0 18.0 16.9 17.0 15.5
∆C−◦s /R −2.28 −2.31 −2.97 −7.59 −3 (forced)
Table 2: Standard molar enthalpy, entropy and heat capacity of sublimation, Eq. (2a), obtained from fitting the solid lines in Figure 8. (J) and (P)
stand for the JANAF [28] and Pankratz [29] thermochemical tables. The last column corresponds to fitting where the heat capacity of sublimation
was forced to be ∆C−◦s /R = −3 when fitting.
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Figure 8: Pressure of anhydrous NaCl and CuCl monomer vapors
in equilibrium with crystalline NaCl and CuCl, respectively, as a
function of temperature. The data obtained from the JANAF [28]
and Pankratz [29] thermochemical tables are depicted by solid lines.
Black dots represent the fitting results where the enthalpy, entropy and
heat capacity of sublimation were all allowed to vary. Magenta circles
depict the fitting result where only the enthalpy and entropy of subli-
mation were allowed to vary, but the heat capacity of sublimation was
set to ∆C−◦s /R = −3.
∆S ◦. It is thus instructive to compare the thermodynam-
ics of reverse sublimation (values in Table 2 taken with
the opposite sign) to that of formation of NaCl dimer. In
particular, salt molecules in a dimer are expected to in-
teract more loosely than in bulk, which should result in
∆H◦(NaCl)2,0 > −∆H◦s , and ∆S ◦(NaCl)2,0 > −∆S ◦s . Comparing
Figure 6 and Table 2 we see that ∆H◦(NaCl) and ∆S ◦(NaCl)
are indeed larger for the dimer than for bulk, although
not by much.
5. Solubility of Sodium Chloride in Water Vapor
In their seminal paper [4], Pitzer and Pabalan were
able to reproduce various experimental data for NaCl
solubility in water vapor using the imperfect gas theory
outlined above. The enthalpy, entropy and heat capac-
ity changes, obtained for successive addition of water
molecules to a cluster, are given in the first, third and
fourth numerical columns, respectively, of Table 3. In
order to reproduce the Pitzer-Pabalan modeling results
we needed to slightly modify some of their originally
reported enthalpies. We suspect that the values were
rounded off too coarsely in Table 2 of the original publi-
cation [4]. The new corrected enthalpies are given in the
second numerical column of Table 3. The parameters
from the second, third and fourth numerical columns of
the table are plotted by black dots in panels (b), (c) and
(d), respectively, of Figure 9. Using these corrected val-
ues (entropy and heat capacity values are left the same),
along with those in the first column of Table 2 to calcu-
late ∆G◦s(T ), we reproduced Pitzer and Pabalan’s results
for the partial pressure of NaCl-bearing water clusters.
In particular, the dependence of PNaCl on water fugac-
ity, Eq. (13), for three different temperatures is depicted
in Figure 9(a) by the solid lines. Results at T = 450◦C
from Figure 2 in Ref. [4] are plotted as black dotes in
Figure 9(a). As can be seen, it agrees perfectly with
what is calculated in this work using the corrected val-
ues of thermodynamic parameters (blue line). To ex-
plore questions related to possible overfitting, PNaCl de-
pendences on f for a range of temperatures were gen-
erated from the Pitzer-Pabalan model using the param-
eters given in the last three columns of Table 3. Those
data, treated as if they were experimental results, were
then used to test the model developed in this work. This
approach allows for a direct comparison with the origi-
nal Pitzer-Pabalan results, see e.g., Figure 10(b) below.
The dependence of PNaCl on temperature (at fixed f )
is qualitative different at lower and higher fugacities as
seen in Figure 9. The temperature derivative of Eq. (9)
is (
∂PX
∂T
)
f
= P◦
∞∑
n=0
∆H˜◦1,n
RT 2
e−∆G˜
◦
1,n/RT
(
f
P◦
)n
, (25)
where, as defined above, ∆H˜◦1,n = ∆H
◦
s + ∆H
◦(H2O)
1,1 +
∆H◦(H2O)1,2 + ...+∆H
◦(H2O)
1,n . For clusters with a small num-
ber of water molecules, this sum is dominated by a large
positive ∆H◦s , yielding ∆H˜◦1,n > 0. On the other hand,
∆H◦(H2O)1,n are negative due to the exothermicity of hy-
11
∆H−◦(H2O)1,n (kJ/mol) ∆H
−◦(H2O)
1,n (kJ/mol), corrected ∆S
−◦(H2O)
1,n /R ∆C
−◦(H2O)
1,n /R
n = 1 - 3 −53.1 −53.1
-11 3n = 4 - 6 −40.7 −40.7
n = 7 - 9 −35.8 −35.6
n = 10 -∞ −32.8 + 0.42 × floor
(
n−10
3
)
−32.6 + 0.58 × floor
(
n−10
3
)
Table 3: Thermodynamic parameters of hydration of salt-bearing water clusters for the original Pitzer-Pabalan model [4]. First numerical column
is original enthalpies from Ref. [4]. The floor function is denoted by floor(). Second numerical column is the corrected version of the first column.
The last two columns are n-independent standard molar entropy and heat capacity of hydration.
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Figure 9: (a) Partial pressure of NaCl-bearing water clusters generated using the parameters from the last three columns in Table 3 (solid lines).
Black dots represent the data directly digitized from Figure 2 in Ref. [4]. Thermodynamic parameters from second, third and forth numerical
columns in Table 3 are compared to the RRHO results in panels (b), (c) and (d), respectively.
dration, so ∆H˜◦1,n becomes negative for larger clusters.
Mean cluster size, defined by Eq. (14), increases with
fugacity, so it is expected that at high fugacities the sum-
mation in Eq. (25) is dominated by large clusters with
negative ∆H˜◦1,n, thus resulting in negative
(
∂PX
∂T
)
f
and so
retrograde solubility is observed. For small clusters,
however, the temperature dependence of PX is domi-
nated by the thermodynamics of sublimation (Figure 8),
and so PX grows rapidly with temperature at low fugac-
ities and the solubility is “normal” (i.e., not retrograde).
Magenta circles in Figure 9(a) denote fugacities where
〈n〉 = 3, 6, 9 at T = 450 C◦. The temperature derivative
of PX is seen to change sign at 〈n〉 ∼ 4−5. In agreement
with this, comparison of data in Table 2 and Figure 9(b)
implies that ∆H˜−◦1,n is negative for n & 5. As f → 0, Eq.
12
(13) reduces to fugacity-independent PX = P◦e−∆G
◦
s/RT ,
which is the pressure of the anhydrous salt vapor. Ac-
cordingly, PNaCl becomes constant at low fugacities in
Figure 9(a). One can verify that the values of PNaCl at
f → 0, taken as a function of temperature, coincide
with the black line in Figure 8.
As described above, we employed quantum chem-
istry calculations (Gaussian 16) together with the ther-
mochemical code Magpie to calculate the thermo-
dynamics of NaCl-bearing water clusters within the
RRHO approximation. The results of these calculations,
plotted by red squares in Figure 9(b)-(d), are seen to be
in reasonable agreement with the Pitzer-Pabalan model.
Notable deviations for the entropy and for heat capacity
could be rationalized as follows. A known deficiency
of the RRHO approach is that it approximates all the
vibrational modes as strictly harmonic [22, 26]. How-
ever, soft vibrational modes of van der Walls-bonded
clusters are expected to be rather anharmonic (e.g., in-
ternal hindered rotations), and so RRHO is expected to
underestimate the change in entropy and heat capacity
of a cluster upon addition of a water molecule. This is
in qualitative agreement with what is observed in Fig-
ure 9(c) and (d). Another source of inaccuracy of the
RRHO calculations in this work is that, as discussed
above, it takes into account only a single cluster of all
the clusters with the same stoichiometry - the one with
the lowest energy. Not including any energetically sub-
optimal clusters (i.e., via the Boltzmann distribution of
all accessible configurations for the same stoichiome-
try) is expected to result in underestimating the enthalpy
and entropy of hydration, which is again in qualitative
agreement with Figure 9(c) and (d).
General considerations for the dependence of
∆H−◦(H2O)1,n , ∆S
−◦(H2O)
1,n and ∆C
−◦(H2O)
1,n on the number of wa-
ter molecules n are as follows. The enthalpy of hy-
dration ∆H−◦(H2O)1,n has to be negative due to attractive
interaction of a cluster with an added water molecule.
Due to Coulomb screening of interaction with the salt
molecule, this interaction is weaker for larger clusters
so the magnitude of ∆H−◦(H2O)1,n decreases with n. The en-
tropy change ∆S −◦(H2O)1,n is expected to be strongly neg-
ative since the large translational entropy of a water
molecule is substituted with the much smaller vibra-
tional one. The standard molar translational entropy of
an ideal gas of water molecules at the reference tem-
perature Tref = 500 K is evaluated using the Sackur-
Tetrode equation [30] to be S −◦0,1/R ≈ 18.7. If this en-
tropy is lost upon addition of the water molecule to a
cluster and nothing else changed, the result would be
∆S −◦(H2O)1,n /R = −18.7, which is not too inconsistent with
the RRHO results in Figure 9(c). The entropy change,
extracted by Pitzer and Pabalan, is not as negative, im-
plying that the translational entropy is not completely
lost but rather substituted with a lower, but still sub-
stantial, entropy of soft vibrational modes. Assum-
ing that the three translational and three rotational de-
grees of freedom (DOF) of an isolated water molecule
become six classical harmonic vibrational DOFs upon
bonding to a cluster, the heat capacity change would be
∆C−◦(H2O)1,n /R = 2, which is comparable to what is shown
in Figure 9(d).
It is important to remember that the general consid-
erations just above only concern the general "smooth"
dependence of ∆H−◦(H2O)1,n , ∆S
−◦(H2O)
1,n and ∆C
−◦(H2O)
1,n on n.
They cannot account for a specific way a water molecule
forms bonds with a given cluster, and how this cluster
geometry rearranges upon this hydration. It is therefore
expected that some “noise”, originating from the spe-
cific details of interaction of water and salt molecules
within a cluster, should be present on top of the general
smooth dependence on n discussed above. This “noise”
is clearly seen on top of the general smooth dependence
on n in the RRHO results (red lines) in Figure 9(b)-(d).
5.1. Fitting Procedure
The dependence of ∆H−◦(H2O)1,n on n reflects the nature
of interaction of a water molecule with a (1, n − 1)-
cluster. Pitzer and Pabalan used the piecewise constant
functional form with all the steps of the same length of
3. This form is illustrated by black dots in Figure 9.
To explore and accurately control the degree of under-
fitting/overfitting we need a more general and flexible
functional form. We choose a continuous piecewise lin-
ear function, which if comprising K kinks, is specified
by K kink positions, K + 1 tangents, and one absolute
value - the value of the function at n = 1. For instance,
a K-kink representation of ∆H−◦(H2O)1,n as a function of n
is specified by its piecewise-constant derivative
∂∆H−◦(H2O)1,n
∂n
=

h1, if n < n1
hi, if ni−1 ≤ n < ni
hK+1, if n > nK
(i ∈ [2,K]) ,
(26)
and by the value of ∆H−◦(H2O)1,1 . For example, a 0-kink
representation, i.e., a simple linear dependence, is de-
fined by two parameters ( ∆H−◦(H2O)1,1 and h1), whereas
four parameters are required to define a 2-kink function
( ∆H−◦(H2O)1,1 , h1, h2, n1). Kink positions ni are assumed
continuous numbers, which simplifies fitting by allow-
ing their continuous variation in standard optimization
routines. Similar representations could be introduced
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for ∆S −◦(H2O)1,n and ∆C
−◦(H2O)
1,n . We find, however, that it is
sufficient to represent them by a single n-independent
value each.
To extract the parameters, like those in Eq. (26), from
fitting, one has to define a function of these parameters
that encodes the deviation of the model from the bench-
mark experimental results and then minimize that func-
tion. For benchmark data, similar to that in Figure 9(a)
where we have PX as a function of f at several temper-
atures, such deviation function is introduced as follows.
We first substitute the water fugacity by a new variable
x =
log10
[
f / f (min)
]
log10
[
f (max)/ f (min)
] , (27)
where
(
f (min), f (max)
)
covers the full experimentally ac-
cessible range of fugacities. Similarly, for the partial
pressure of salt-bearing water clusters we have
y =
log10
[
PX/P
(min)
X
]
log10
[
P(max)X /P
(min)
X
] . (28)
Upon these substitutions, Figure 9(a) - a standard way
of presenting PX dependence on water fugacity in the
literature - effectively becomes a linear-linear plot (as
opposed to e.g., log-log), the abscissa and ordinate rang-
ing from 0 to 1. Then, at fixed temperature T = Ti, the
deviation of the model data for the partial pressure of
salt-bearing clusters (taken as a function of fugacity f ),
from the experimental results is calculated as
di =
∫ xi,max
xi,min
dx
[
y(mod)i (x) − y(exp)i (x)
]2
, (29)
where xi,min and xi,max are the minimum and maximum
values of x available experimentally at temperature Ti.
The integral is evaluated by interpolating y(mod)i and
y(exp)i to make them continuous functions of x. The full
deviation function is then evaluated by summing up all
the single-temperature deviations as
D =
1
2
log10
 1N
N∑
i=1
di
 , (30)
where N is the number of temperatures. The ratio-
nale behind this definition of deviation can be illus-
trated by the following example. Suppose that the
model results for log10 PX/P
◦ deviate by exactly 1%
of log10
[
P(max)X /P
(min)
X
]
from the experimental data at all
water fugacities. That would mean a deviation of the
model curves from experimental by 1% of the vertical
range in Figure 9(a), treating it as a linear-linear plot.
The deviation of this magnitude is still be rather notice-
able in a figure. This deviation produces di = 10−4 and
therefore D = −2. On the other hand, the deviation of
the model results, represented by log10 PX/P
◦, by 0.1%
of log10
[
P(max)X /P
(min)
X
]
from the experimental data, re-
sults in D = −3 and is perceived as a perfect agreement
between theory and experiment when plotted in a fig-
ure similar to Figure 9(a). Therefore, the value of D
represents the decimal logarithm of the deviation of the
model log10 PX from its experimental counterpart, nor-
malized to the entire span of log10 PX in experiment.
The minimization of the total deviation with respect
to the model parameters is performed by the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) quasi-Newton al-
gorithm [31], as implemented in SciPy standard Python
library. This algorithm relies on the smoothness of
a function to minimize, which is not the case in this
work since the underlying dependence of thermody-
namic parameters on the cluster size, Eq. (26), is
piecewise-linear. In particular, we noticed that this non-
smoothness sometimes comprises the BFGS ability to
find a minimum. To remedy that, we additionally con-
volute the piecewise-linear function with the normal-
ized gaussian (2piσ2)−1/2e−n2/2σ2 . Not too small σ dras-
tically increases the robustness of the BFGS conver-
gence. On the other hand, if σ is small compared to
one, then the resulting function is almost the same in
magnitude at all n, as the one before the convolution.
We choose σ = 0.3 in this work.
Figure 10 shows the results of fitting the data, gener-
ated from the last three columns of Table 3 (black lines),
using the 0-, 1- and 2-kink function for ∆H−◦(H2O)1,n , and
n-independent values for ∆S −◦(H2O)1,n and ∆C
−◦(H2O)
1,n . First,
we perform the fitting by the 0-kink function to repre-
sent ∆H−◦(H2O)1,n . The results of this fitting are plotted by
dashed red lines in panel (a). The resulting dependence
of ∆H−◦(H2O)1,n on n is shown in Figure 10(b) by the solid
red line. More specifically, the parameters produced by
fitting are compiled in Table 4. As is seen, the fit quality
is reasonable although the deviations between the solid
black and dashed red lines are quite noticeable in Figure
10(a). The resulting best value of the deviation function
is −1.901.
The results of fitting for the 1-kink enthalpy func-
tion are shown by blue circles in Figure 10(a). As
is seen, the agreement with the data generated from
the Pitzer-Pabalan model is very good, as is also clear
from the best value of the deviation function: −2.905.
This significant improvement of the fitting quality when
switching from the 0-kink to 1-kink representation for
∆H−◦(H2O)1,n suggests that the 0-kink model results in un-
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Figure 10: Fitting of the partial pressure of the ideal gas of NaCl:(H2O)n clusters, generated from the last three columns in Table 3 at three different
temperatures (280◦C, 350◦C and 450◦C). Fitting is performed using the continuous piecewise linear representation of ∆H−◦(H2O)1,n as a function of n,
whereas entropy and heat capacity of hydration are taken n-independent. The dependence of partial pressure of NaCl-bearing water clusters on the
water fugacity for the Pitzer-Pabalan model (black lines) and resulting fitting with the few-kink model (dashed red lines, blue circles) are given in
panel (a). Enthalpy of hydration for the Pitzer-Pabalan model (black line) and the few-kink models (red, blue, magenta lines) are plotted in panel
(b).
∆S −◦(H2O)1,n /R ∆C
−◦(H2O)
1,n /R ∆H
−◦(H2O)
1,1 (kJ/mol) h1 (kJ/mol)
−10.85 2.744 −51.86 2.256
Table 4: The results for fitting NaCl solubility with the 0-kink representation of ∆H−◦(H2O)1,n .
derfitting. The resulting dependence of ∆H−◦(H2O)1,n on n
is plotted as blue circles in panel (b). The resulting pa-
rameters are given in Table 5. We observed that if we do
not allow ∆C−◦(H2O)1,n /R to vary and set it to be an arbitrary
constant value within interval from 2 to 4, it changes the
value of the deviation function by ≈ 0.05 at most. This
means that, similarly to what we observed when fitting
the thermodynamics of sublimation, Table 2, ∆C−◦(H2O)1,n
cannot be reliably extracted from the fitting. Equilib-
rium constants Kn = e−∆G˜
◦
1,n/RT , where ∆G˜◦1,n(T ) is eval-
uated using the parameters in Table 5 and the first nu-
merical column in Table 2, are tabulated in Table A.9
for a range of n and T .
Finally, we perform the fitting using the 2-kink func-
tion for enthalpy. The result of this fitting is not shown
in Figure 10(a) since it superimposes with the 1-kink re-
sults. According to the discussion just above, the heat
capacity is not varied and set to ∆C−◦(H2O)1,n /R = 3. The
best value of the deviation function reaches −3.301 in
this case. The enthalpy change is shown in panel (b) by
magenta crosses. It is seen that it closely follows the
1-kink enthalpy dependence at low n but then deviates
slightly. The resulting parameters are given in Table 6.
For the 1-kink representation for ∆H−◦(H2O)1,n , where only
4 independent parameters are used, the agreement be-
tween model calculations and the benchmark is almost
perfect. Introduction of the second kink does not visi-
bly improve the quality of fit, implying that fitting with
the 2-kink function to represent ∆H−◦(H2O)1,1 constitutes an
overfitting. The original Pitzer-Pabalan ∆H−◦(H2O)1,n de-
pendence on n is defined by 5 independent parameters,
as is clear from Table 3. We thus conclude that the orig-
inal work represents a case of overfitting.
Finally, we want to compare our results to those ob-
tained from a different model describing the NaCl solu-
bility in water vapor. Figure 11 shows the dependence
of NaCl weight percentage (wt%) in water vapor as a
function of vapor pressure at three different tempera-
tures. Solid lines are obtained from Eq. (12) using pa-
rameters from Table 5. Dashed lines are obtained for
the vapor-solid equilibrium (liquid phase is absent) from
the SoWat computer code that implements the model to
analyze the properties of fluids and vapor in the H2O-
NaCl system [32–34]. As is seen, the agreement is satis-
factory at higher temperatures, where, importantly, our
model involves extrapolation since it was calibrated us-
ing the data only in the temperature range from 280◦C
to 450◦C, as is seen in Figure 10(a). At lower tempera-
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∆S −◦(H2O)1,n /R ∆C
−◦(H2O)
1,n /R ∆H
−◦(H2O)
1,1 (kJ/mol) h1 (kJ/mol) n1 h2 (kJ/mol)
−10.98 3.005 −55.43 3.463 5.777 0.442
Table 5: The results for fitting NaCl solubility with the 1-kink representation of ∆H−◦(H2O)1,n .
∆S −◦(H2O)1,n /R ∆C
−◦(H2O)
1,n /R ∆H
−◦(H2O)
1,1 (kJ/mol) h1 (kJ/mol) n1 h2 (kJ/mol) n2 h3 (kJ/mol)
-11.0 3 (forced) −55.78 3.648 5.064 0.838 11.802 0.107
Table 6: The results for fitting NaCl solubility with the 2-kink representation of ∆H−◦(H2O)1,n .
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Figure 11: NaCl wt% (percentage by weight) versus water vapor
pressure for three different temperatures. Solid lines are fitting results
obtained in this work, Table 5. Dashed lines represent the results ob-
tained from the the SoWat model [32, 33].
tures, the SoWat model underestimates binding of water
molecules to NaCl for smaller cluster sizes.
6. Solubility of Copper Chloride in Water Vapor
The results of the fitting of the experimental PCuCl de-
pendence on water fugacity f for five different temper-
atures is plotted in Figure 12. The black circles are the
experimental data from Refs. [6, 10]. To investigate the
degree of underfitting/overfitting we started, as before,
by fitting the experimental data with the 0-kink function
for ∆H−◦(H2O)1,n , taking the thermodynamics of sublima-
tion from the third numerical column of Table 2. En-
tropy of hydration ∆S −◦(H2O)1,n is assumed independent of
n, and its value is varied in fitting. The heat capacity
of hydration is not varied and set to ∆C−◦(H2O)1,n /R = 3.
The resulting model PCuCl( f ) is plotted in Figure 12 by
the solid black lines. The resulting 0-kink function for
∆H−◦(H2O)1,n is plotted in Figure 13(a) by the black line.
The enthalpy change in the first hydration step, entropy
and heat capacity changes in any hydration step, as well
as the resulting best value of the total deviation, Eq.
(30), are given in the first numerical column of Table
7.
We now re-run the fitting, with the only modifica-
tion to the model being the 1-kink, instead of 0-kink,
function for the dependence of ∆H−◦(H2O)1,n on n. The re-
sulting thermodynamic parameters, as well as the devia-
tion, are plotted as the thick red line in Figure 13(a) and
given in the second numerical column of Table 7. The
complete set of parameters extracted from the 1-kink fit-
ting is given in Table 8. The corresponding equilibrium
constants Kn = e−∆G˜
◦
1,n/RT , where ∆G˜◦1,n(T ) is evaluated
using the parameters in Table 8 and the third numeri-
cal column in Table 2, are tabulated in Table A.10 for a
range of n and T . The resulting model PCuCl( f ) is plot-
ted by the red lines in Figure 12. Comparing these red
lines with the 0-kink results (black lines) reveals much
better agreement with the experimental data at low wa-
ter fugacities. This visibly better agreement is also re-
flected quantitatively in lower total deviation D in Table
7. Therefore, similarly to what we had for NaCl, the
0-kink model results in underfitting. Switching to the 2-
kink representation for ∆H−◦(H2O)1,n does not improve the
total deviation for the assumed number of significant
digits, as is seen in the third numerical column of Ta-
ble 7. The resultant model curves for PCuCl( f ) in the 2-
kink case are not plotted in Figure 12, since they would
practically coincide with those generated in the 1-kink
case. Comparing the thick red and dashed blue lines in
Figure 13 we see that all the 2-kink fitting improvement
is only a marginal smoothing of the ∆H−◦(H2O)1,n depen-
dence on n at n ∼ 2. Therefore, we conclude that the
temperature range and scattering in the adopted experi-
mental data for CuCl allows one to extract more accu-
rate dependence of ∆H−◦(H2O)1,n on n than that encoded by
a 0-kink function. On the other hand, assuming the 2-
kink model results in an overfit. This is the reason why
only the parameters for the 1-kink representation of the
hydration enthalpy of CuCl are explicitly given in this
work, Table 7.
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<latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit>
log10 (f/P
 )
<latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit>
log10 (f/P
 )
<latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit><latexit sha1_base64="cjDsMcT1O+uTQ lPszBOrDupDY6Q=">AAACCHicbVBNS8NAEN3Ur1q/oh49GCxKvdREBD0WvHisYD+giWGz3 aRLN9mwOxFK6NGLf8WLB0W8+hO8+W/ctjlo64OBx3szzMwLUs4U2Pa3UVpaXlldK69XNja 3tnfM3b22EpkktEUEF7IbYEU5S2gLGHDaTSXFccBpJxheT/zOA5WKieQORin1YhwlLGQEg 5Z889DlIvJzxx67nIZQC8+a9y5hkriSRQM49c2qXbensBaJU5AqKtD0zS+3L0gW0wQIx0r 1HDsFL8cSGOF0XHEzRVNMhjiiPU0THFPl5dNHxtaxVvpWKKSuBKyp+nsix7FSozjQnTGGg Zr3JuJ/Xi+D8MrLWZJmQBMyWxRm3AJhTVKx+kxSAnykCSaS6VstMsASE9DZVXQIzvzLi6R 9XnfsunN7UW2cFHGU0QE6QjXkoEvUQDeoiVqIoEf0jF7Rm/FkvBjvxsestWQUM/voD4zP H+4UmS0=</latexit>
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<latexit sha1_base64="7rOmgfC+cK6DT+rbo1w6NvKKRJE=">AAACNHicbVDLSsNAFJ3UV62vqEs3g6VSNzURQZeFbgQ3EewDmhom00k7dPJg5kYoIR/lxg9xI4ILRdz6DU4fC209MHA451zu3OMngiuwrFejsLK6tr5R3Cxtbe/s7pn7By0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/VFj4rcfmFQ8ju5gnLBeSAYRDzgloCXPvKm4Ih54mW3lrmABVIMz596lXFJX8sEQTksLvuNlrgxxI22IfCHqmWWrZk2Bl4k9J2U0h+OZz24/pmnIIqCCKNW1rQR6GZHAqWB5yU0VSwgdkQHrahqRkKleNj06xxWt9HEQS/0iwFP190RGQqXGoa+TIYGhWvQm4n9eN4XgqpfxKEmBRXS2KEgFhhhPGsR9LhkFMdaEUMn1XzEdEkko6J5LugR78eRl0jqv2VbNvr0o10/mdRTRETpGVWSjS1RH18hBTUTRI3pB7+jDeDLejE/jaxYtGPOZQ/QHxvcPNuCqfw==</latexit><latexit sha1_base64="7rOmgfC+cK6DT+rbo1w6NvKKRJE=">AAACNHicbVDLSsNAFJ3UV62vqEs3g6VSNzURQZeFbgQ3EewDmhom00k7dPJg5kYoIR/lxg9xI4ILRdz6DU4fC209MHA451zu3OMngiuwrFejsLK6tr5R3Cxtbe/s7pn7By0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/VFj4rcfmFQ8ju5gnLBeSAYRDzgloCXPvKm4Ih54mW3lrmABVIMz596lXFJX8sEQTksLvuNlrgxxI22IfCHqmWWrZk2Bl4k9J2U0h+OZz24/pmnIIqCCKNW1rQR6GZHAqWB5yU0VSwgdkQHrahqRkKleNj06xxWt9HEQS/0iwFP190RGQqXGoa+TIYGhWvQm4n9eN4XgqpfxKEmBRXS2KEgFhhhPGsR9LhkFMdaEUMn1XzEdEkko6J5LugR78eRl0jqv2VbNvr0o10/mdRTRETpGVWSjS1RH18hBTUTRI3pB7+jDeDLejE/jaxYtGPOZQ/QHxvcPNuCqfw==</latexit><latexit sha1_base64="7rOmgfC+cK6DT+rbo1w6NvKKRJE=">AAACNHicbVDLSsNAFJ3UV62vqEs3g6VSNzURQZeFbgQ3EewDmhom00k7dPJg5kYoIR/lxg9xI4ILRdz6DU4fC209MHA451zu3OMngiuwrFejsLK6tr5R3Cxtbe/s7pn7By0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/VFj4rcfmFQ8ju5gnLBeSAYRDzgloCXPvKm4Ih54mW3lrmABVIMz596lXFJX8sEQTksLvuNlrgxxI22IfCHqmWWrZk2Bl4k9J2U0h+OZz24/pmnIIqCCKNW1rQR6GZHAqWB5yU0VSwgdkQHrahqRkKleNj06xxWt9HEQS/0iwFP190RGQqXGoa+TIYGhWvQm4n9eN4XgqpfxKEmBRXS2KEgFhhhPGsR9LhkFMdaEUMn1XzEdEkko6J5LugR78eRl0jqv2VbNvr0o10/mdRTRETpGVWSjS1RH18hBTUTRI3pB7+jDeDLejE/jaxYtGPOZQ/QHxvcPNuCqfw==</latexit><latexit sha1_base64="7rOmgfC+cK6DT+rbo1w6NvKKRJE=">AAACNHicbVDLSsNAFJ3UV62vqEs3g6VSNzURQZeFbgQ3EewDmhom00k7dPJg5kYoIR/lxg9xI4ILRdz6DU4fC209MHA451zu3OMngiuwrFejsLK6tr5R3Cxtbe/s7pn7By0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/VFj4rcfmFQ8ju5gnLBeSAYRDzgloCXPvKm4Ih54mW3lrmABVIMz596lXFJX8sEQTksLvuNlrgxxI22IfCHqmWWrZk2Bl4k9J2U0h+OZz24/pmnIIqCCKNW1rQR6GZHAqWB5yU0VSwgdkQHrahqRkKleNj06xxWt9HEQS/0iwFP190RGQqXGoa+TIYGhWvQm4n9eN4XgqpfxKEmBRXS2KEgFhhhPGsR9LhkFMdaEUMn1XzEdEkko6J5LugR78eRl0jqv2VbNvr0o10/mdRTRETpGVWSjS1RH18hBTUTRI3pB7+jDeDLejE/jaxYtGPOZQ/QHxvcPNuCqfw==</latexit>
T = 280  C
<latexit sha1_base 64="X/lEg4fbRnwkJUg352a3ATPb8ic=">A AAChXicbVFba9swFJa9Szvv0nR77ItYKLiw pXYoWymMFbKHsJdl0LSFKDWyIiciuhhJLgS jf7Jf1bf+myqOH7ZkBwQf30VHOicvOTM2SR 6D8NnzFy/39l9Fr9+8fXfQOXx/bVSlCR0Tx ZW+zbGhnEk6tsxyeltqikXO6U2+HKz1m3uq DVPyyq5KOhV4LlnBCLaeyjp/jhFX86xOE4 c4LWxcnI7uEGGaIM3mC3sSbRtGWY20gINqw N2u9wflFsPhXd3wMG68w6z/y504f8kn6dDF hlz+PBWKOx+S0dW3/nmCLtqUg5sOLut0k17 SFNwFaQu6oK1R1nlAM0UqQaUlHBszSZPSTm usLSOcughVhpaYLPGcTjyUWFAzrZspOnjsm RkslPZHWtiwfydqLIxZidw7BbYLs62tyf9p k8oW59OaybKyVJJNo6Li0Cq4XgmcMU2J5Ss PMNHMvxWSBdaYWL+4yA8h3f7yLrju99Kkl/ 4+617G7Tj2wRH4CGKQgq/gEgzBCIwBCcIgD tKgH+6Fn8Oz8MvGGgZt5gP4p8LvT0Pmvu4= </latexit><latexit sha1_base 64="X/lEg4fbRnwkJUg352a3ATPb8ic=">A AAChXicbVFba9swFJa9Szvv0nR77ItYKLiw pXYoWymMFbKHsJdl0LSFKDWyIiciuhhJLgS jf7Jf1bf+myqOH7ZkBwQf30VHOicvOTM2SR 6D8NnzFy/39l9Fr9+8fXfQOXx/bVSlCR0Tx ZW+zbGhnEk6tsxyeltqikXO6U2+HKz1m3uq DVPyyq5KOhV4LlnBCLaeyjp/jhFX86xOE4 c4LWxcnI7uEGGaIM3mC3sSbRtGWY20gINqw N2u9wflFsPhXd3wMG68w6z/y504f8kn6dDF hlz+PBWKOx+S0dW3/nmCLtqUg5sOLut0k17 SFNwFaQu6oK1R1nlAM0UqQaUlHBszSZPSTm usLSOcughVhpaYLPGcTjyUWFAzrZspOnjsm RkslPZHWtiwfydqLIxZidw7BbYLs62tyf9p k8oW59OaybKyVJJNo6Li0Cq4XgmcMU2J5Ss PMNHMvxWSBdaYWL+4yA8h3f7yLrju99Kkl/ 4+617G7Tj2wRH4CGKQgq/gEgzBCIwBCcIgD tKgH+6Fn8Oz8MvGGgZt5gP4p8LvT0Pmvu4= </latexit><latexit sha1_base 64="X/lEg4fbRnwkJUg352a3ATPb8ic=">A AAChXicbVFba9swFJa9Szvv0nR77ItYKLiw pXYoWymMFbKHsJdl0LSFKDWyIiciuhhJLgS jf7Jf1bf+myqOH7ZkBwQf30VHOicvOTM2SR 6D8NnzFy/39l9Fr9+8fXfQOXx/bVSlCR0Tx ZW+zbGhnEk6tsxyeltqikXO6U2+HKz1m3uq DVPyyq5KOhV4LlnBCLaeyjp/jhFX86xOE4 c4LWxcnI7uEGGaIM3mC3sSbRtGWY20gINqw N2u9wflFsPhXd3wMG68w6z/y504f8kn6dDF hlz+PBWKOx+S0dW3/nmCLtqUg5sOLut0k17 SFNwFaQu6oK1R1nlAM0UqQaUlHBszSZPSTm usLSOcughVhpaYLPGcTjyUWFAzrZspOnjsm RkslPZHWtiwfydqLIxZidw7BbYLs62tyf9p k8oW59OaybKyVJJNo6Li0Cq4XgmcMU2J5Ss PMNHMvxWSBdaYWL+4yA8h3f7yLrju99Kkl/ 4+617G7Tj2wRH4CGKQgq/gEgzBCIwBCcIgD tKgH+6Fn8Oz8MvGGgZt5gP4p8LvT0Pmvu4= </latexit><latexit sha1_base 64="X/lEg4fbRnwkJUg352a3ATPb8ic=">A AAChXicbVFba9swFJa9Szvv0nR77ItYKLiw pXYoWymMFbKHsJdl0LSFKDWyIiciuhhJLgS jf7Jf1bf+myqOH7ZkBwQf30VHOicvOTM2SR 6D8NnzFy/39l9Fr9+8fXfQOXx/bVSlCR0Tx ZW+zbGhnEk6tsxyeltqikXO6U2+HKz1m3uq DVPyyq5KOhV4LlnBCLaeyjp/jhFX86xOE4 c4LWxcnI7uEGGaIM3mC3sSbRtGWY20gINqw N2u9wflFsPhXd3wMG68w6z/y504f8kn6dDF hlz+PBWKOx+S0dW3/nmCLtqUg5sOLut0k17 SFNwFaQu6oK1R1nlAM0UqQaUlHBszSZPSTm usLSOcughVhpaYLPGcTjyUWFAzrZspOnjsm RkslPZHWtiwfydqLIxZidw7BbYLs62tyf9p k8oW59OaybKyVJJNo6Li0Cq4XgmcMU2J5Ss PMNHMvxWSBdaYWL+4yA8h3f7yLrju99Kkl/ 4+617G7Tj2wRH4CGKQgq/gEgzBCIwBCcIgD tKgH+6Fn8Oz8MvGGgZt5gP4p8LvT0Pmvu4= </latexit>
T = 300  C
<latexit sha1_base 64="OY9Xf8rsLrGvC+SfdGApFyFnCjE=">A AAChXicbVFba9swFJa9Szvv0rR73ItYKLiw pXJW1lIYLWQPYS/LoGkLcWpkRU5EdDGSPAh G/2S/am/9N1McP2zJDgg+vouOdE5ecmYsQo 9B+OTps+d7+y+il69evznoHB7dGlVpQsdEc aXvc2woZ5KOLbOc3peaYpFzepcvB2v97ifV hil5Y1clnQo8l6xgBFtPZZ1fxylX86xOkE s5LWxcnI4eUsI0STWbL+xJtG0YZXWqBRxUA +52vV8ptxgOH+qGh3HjHWb97+7E+Us+SJde bsjlt1OhuPMhGd18+YRQetmmHNx0cFmni3q oKbgLkhZ0QVujrPM7nSlSCSot4diYSYJKO6 2xtoxw6qK0MrTEZInndOKhxIKaad1M0cFjz 8xgobQ/0sKG/TtRY2HMSuTeKbBdmG1tTf5P m1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF9 5gIlm/q2QLLDGxPrFRX4IyfaXd8Ftv5egXv LjrHsdt+PYB+/AexCDBJyDazAEIzAGJAiDO EiCfrgXfgzPws8baxi0mbfgnwqv/gA4xr7n </latexit><latexit sha1_base 64="OY9Xf8rsLrGvC+SfdGApFyFnCjE=">A AAChXicbVFba9swFJa9Szvv0rR73ItYKLiw pXJW1lIYLWQPYS/LoGkLcWpkRU5EdDGSPAh G/2S/am/9N1McP2zJDgg+vouOdE5ecmYsQo 9B+OTps+d7+y+il69evznoHB7dGlVpQsdEc aXvc2woZ5KOLbOc3peaYpFzepcvB2v97ifV hil5Y1clnQo8l6xgBFtPZZ1fxylX86xOkE s5LWxcnI4eUsI0STWbL+xJtG0YZXWqBRxUA +52vV8ptxgOH+qGh3HjHWb97+7E+Us+SJde bsjlt1OhuPMhGd18+YRQetmmHNx0cFmni3q oKbgLkhZ0QVujrPM7nSlSCSot4diYSYJKO6 2xtoxw6qK0MrTEZInndOKhxIKaad1M0cFjz 8xgobQ/0sKG/TtRY2HMSuTeKbBdmG1tTf5P m1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF9 5gIlm/q2QLLDGxPrFRX4IyfaXd8Ftv5egXv LjrHsdt+PYB+/AexCDBJyDazAEIzAGJAiDO EiCfrgXfgzPws8baxi0mbfgnwqv/gA4xr7n </latexit><latexit sha1_base 64="OY9Xf8rsLrGvC+SfdGApFyFnCjE=">A AAChXicbVFba9swFJa9Szvv0rR73ItYKLiw pXJW1lIYLWQPYS/LoGkLcWpkRU5EdDGSPAh G/2S/am/9N1McP2zJDgg+vouOdE5ecmYsQo 9B+OTps+d7+y+il69evznoHB7dGlVpQsdEc aXvc2woZ5KOLbOc3peaYpFzepcvB2v97ifV hil5Y1clnQo8l6xgBFtPZZ1fxylX86xOkE s5LWxcnI4eUsI0STWbL+xJtG0YZXWqBRxUA +52vV8ptxgOH+qGh3HjHWb97+7E+Us+SJde bsjlt1OhuPMhGd18+YRQetmmHNx0cFmni3q oKbgLkhZ0QVujrPM7nSlSCSot4diYSYJKO6 2xtoxw6qK0MrTEZInndOKhxIKaad1M0cFjz 8xgobQ/0sKG/TtRY2HMSuTeKbBdmG1tTf5P m1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF9 5gIlm/q2QLLDGxPrFRX4IyfaXd8Ftv5egXv LjrHsdt+PYB+/AexCDBJyDazAEIzAGJAiDO EiCfrgXfgzPws8baxi0mbfgnwqv/gA4xr7n </latexit><latexit sha1_base 64="OY9Xf8rsLrGvC+SfdGApFyFnCjE=">A AAChXicbVFba9swFJa9Szvv0rR73ItYKLiw pXJW1lIYLWQPYS/LoGkLcWpkRU5EdDGSPAh G/2S/am/9N1McP2zJDgg+vouOdE5ecmYsQo 9B+OTps+d7+y+il69evznoHB7dGlVpQsdEc aXvc2woZ5KOLbOc3peaYpFzepcvB2v97ifV hil5Y1clnQo8l6xgBFtPZZ1fxylX86xOkE s5LWxcnI4eUsI0STWbL+xJtG0YZXWqBRxUA +52vV8ptxgOH+qGh3HjHWb97+7E+Us+SJde bsjlt1OhuPMhGd18+YRQetmmHNx0cFmni3q oKbgLkhZ0QVujrPM7nSlSCSot4diYSYJKO6 2xtoxw6qK0MrTEZInndOKhxIKaad1M0cFjz 8xgobQ/0sKG/TtRY2HMSuTeKbBdmG1tTf5P m1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF9 5gIlm/q2QLLDGxPrFRX4IyfaXd8Ftv5egXv LjrHsdt+PYB+/AexCDBJyDazAEIzAGJAiDO EiCfrgXfgzPws8baxi0mbfgnwqv/gA4xr7n </latexit> T = 320  C
<latexit sha1_base64="imM6rg9N61KxV F6bypDACN+WCAg=">AAAChXicbVFba9swFJa9Szvv0rR73ItYKLiwpXZW1lIYLWQPYS/Lo GkLUWpkRU5EdDGSPAhG/2S/am/9N1McP2zJDgg+vouOdE5ecmZskjwG4ZOnz57v7b+IXr5 6/eagc3h0a1SlCR0TxZW+z7GhnEk6tsxyel9qikXO6V2+HKz1u59UG6bkjV2VdCrwXLKCE Ww9lXV+HSOu5lmdJg5xWti4OB09IMI0QZrNF/Yk2jaMshppAQfVgLtd71fKLYbDh7rhYdx 4h1n/uztx/pIP0qHLDbn8dioUdz4ko5svn/oJumxTDm46uKzTTXpJU3AXpC3ogrZGWec3m ilSCSot4diYSZqUdlpjbRnh1EWoMrTEZInndOKhxIKaad1M0cFjz8xgobQ/0sKG/TtRY2H MSuTeKbBdmG1tTf5Pm1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF95gIlm/q2QLLDGxPrF RX4I6faXd8Ftv5cmvfTHWfc6bsexD96B9yAGKTgH12AIRmAMSBAGcZAG/XAv/BiehZ831j BoM2/BPxVe/QE79L7p</latexit><latexit sha1_base64="imM6rg9N61KxV F6bypDACN+WCAg=">AAAChXicbVFba9swFJa9Szvv0rR73ItYKLiwpXZW1lIYLWQPYS/Lo GkLUWpkRU5EdDGSPAhG/2S/am/9N1McP2zJDgg+vouOdE5ecmZskjwG4ZOnz57v7b+IXr5 6/eagc3h0a1SlCR0TxZW+z7GhnEk6tsxyel9qikXO6V2+HKz1u59UG6bkjV2VdCrwXLKCE Ww9lXV+HSOu5lmdJg5xWti4OB09IMI0QZrNF/Yk2jaMshppAQfVgLtd71fKLYbDh7rhYdx 4h1n/uztx/pIP0qHLDbn8dioUdz4ko5svn/oJumxTDm46uKzTTXpJU3AXpC3ogrZGWec3m ilSCSot4diYSZqUdlpjbRnh1EWoMrTEZInndOKhxIKaad1M0cFjz8xgobQ/0sKG/TtRY2H MSuTeKbBdmG1tTf5Pm1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF95gIlm/q2QLLDGxPrF RX4I6faXd8Ftv5cmvfTHWfc6bsexD96B9yAGKTgH12AIRmAMSBAGcZAG/XAv/BiehZ831j BoM2/BPxVe/QE79L7p</latexit><latexit sha1_base64="imM6rg9N61KxV F6bypDACN+WCAg=">AAAChXicbVFba9swFJa9Szvv0rR73ItYKLiwpXZW1lIYLWQPYS/Lo GkLUWpkRU5EdDGSPAhG/2S/am/9N1McP2zJDgg+vouOdE5ecmZskjwG4ZOnz57v7b+IXr5 6/eagc3h0a1SlCR0TxZW+z7GhnEk6tsxyel9qikXO6V2+HKz1u59UG6bkjV2VdCrwXLKCE Ww9lXV+HSOu5lmdJg5xWti4OB09IMI0QZrNF/Yk2jaMshppAQfVgLtd71fKLYbDh7rhYdx 4h1n/uztx/pIP0qHLDbn8dioUdz4ko5svn/oJumxTDm46uKzTTXpJU3AXpC3ogrZGWec3m ilSCSot4diYSZqUdlpjbRnh1EWoMrTEZInndOKhxIKaad1M0cFjz8xgobQ/0sKG/TtRY2H MSuTeKbBdmG1tTf5Pm1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF95gIlm/q2QLLDGxPrF RX4I6faXd8Ftv5cmvfTHWfc6bsexD96B9yAGKTgH12AIRmAMSBAGcZAG/XAv/BiehZ831j BoM2/BPxVe/QE79L7p</latexit><latexit sha1_base64="imM6rg9N61KxV F6bypDACN+WCAg=">AAAChXicbVFba9swFJa9Szvv0rR73ItYKLiwpXZW1lIYLWQPYS/Lo GkLUWpkRU5EdDGSPAhG/2S/am/9N1McP2zJDgg+vouOdE5ecmZskjwG4ZOnz57v7b+IXr5 6/eagc3h0a1SlCR0TxZW+z7GhnEk6tsxyel9qikXO6V2+HKz1u59UG6bkjV2VdCrwXLKCE Ww9lXV+HSOu5lmdJg5xWti4OB09IMI0QZrNF/Yk2jaMshppAQfVgLtd71fKLYbDh7rhYdx 4h1n/uztx/pIP0qHLDbn8dioUdz4ko5svn/oJumxTDm46uKzTTXpJU3AXpC3ogrZGWec3m ilSCSot4diYSZqUdlpjbRnh1EWoMrTEZInndOKhxIKaad1M0cFjz8xgobQ/0sKG/TtRY2H MSuTeKbBdmG1tTf5Pm1S2uJjWTJaVpZJsGhUVh1bB9UrgjGlKLF95gIlm/q2QLLDGxPrF RX4I6faXd8Ftv5cmvfTHWfc6bsexD96B9yAGKTgH12AIRmAMSBAGcZAG/XAv/BiehZ831j BoM2/BPxVe/QE79L7p</latexit>
T = 350  C
<latexit sha1_base64="p6tkUxfkHOSUK S/GSgvIXVDiLoU=">AAAChXicbVFba9swFJa9Szvvlm2PexELBRe21M66thRGC9lD2Msya NpClBpZkRMRXYwkF4LRP9mv2lv/zRTHD1uyA4KP76IjnZOXnBmbJA9B+Ojxk6d7+8+i5y9 evnrdefP22qhKEzomiit9m2NDOZN0bJnl9LbUFIuc05t8OVjrN/dUG6bklV2VdCrwXLKCE Ww9lXV+HSCu5lmdJg5xWti4OBrdIcI0QZrNF/Yw2jaMshppAQfVgLtd7zfKLYbDu7rhYdx 4h1n/hzt0/pKP0qHzDbn8fiQUdz4ko6uvn78k6LxNObjp4LJON+klTcFdkLagC9oaZZ3fa KZIJai0hGNjJmlS2mmNtWWEUxehytASkyWe04mHEgtqpnUzRQcPPDODhdL+SAsb9u9EjYU xK5F7p8B2Yba1Nfk/bVLZ4mxaM1lWlkqyaVRUHFoF1yuBM6YpsXzlASaa+bdCssAaE+sX F/khpNtf3gXX/V6a9NKfx93LuB3HPngPPoAYpOAUXIIhGIExIEEYxEEa9MO98FN4HJ5srG HQZt6Bfyq8+ANAub7s</latexit><latexit sha1_base64="p6tkUxfkHOSUK S/GSgvIXVDiLoU=">AAAChXicbVFba9swFJa9Szvvlm2PexELBRe21M66thRGC9lD2Msya NpClBpZkRMRXYwkF4LRP9mv2lv/zRTHD1uyA4KP76IjnZOXnBmbJA9B+Ojxk6d7+8+i5y9 evnrdefP22qhKEzomiit9m2NDOZN0bJnl9LbUFIuc05t8OVjrN/dUG6bklV2VdCrwXLKCE Ww9lXV+HSCu5lmdJg5xWti4OBrdIcI0QZrNF/Yw2jaMshppAQfVgLtd7zfKLYbDu7rhYdx 4h1n/hzt0/pKP0qHzDbn8fiQUdz4ko6uvn78k6LxNObjp4LJON+klTcFdkLagC9oaZZ3fa KZIJai0hGNjJmlS2mmNtWWEUxehytASkyWe04mHEgtqpnUzRQcPPDODhdL+SAsb9u9EjYU xK5F7p8B2Yba1Nfk/bVLZ4mxaM1lWlkqyaVRUHFoF1yuBM6YpsXzlASaa+bdCssAaE+sX F/khpNtf3gXX/V6a9NKfx93LuB3HPngPPoAYpOAUXIIhGIExIEEYxEEa9MO98FN4HJ5srG HQZt6Bfyq8+ANAub7s</latexit><latexit sha1_base64="p6tkUxfkHOSUK S/GSgvIXVDiLoU=">AAAChXicbVFba9swFJa9Szvvlm2PexELBRe21M66thRGC9lD2Msya NpClBpZkRMRXYwkF4LRP9mv2lv/zRTHD1uyA4KP76IjnZOXnBmbJA9B+Ojxk6d7+8+i5y9 evnrdefP22qhKEzomiit9m2NDOZN0bJnl9LbUFIuc05t8OVjrN/dUG6bklV2VdCrwXLKCE Ww9lXV+HSCu5lmdJg5xWti4OBrdIcI0QZrNF/Yw2jaMshppAQfVgLtd7zfKLYbDu7rhYdx 4h1n/hzt0/pKP0qHzDbn8fiQUdz4ko6uvn78k6LxNObjp4LJON+klTcFdkLagC9oaZZ3fa KZIJai0hGNjJmlS2mmNtWWEUxehytASkyWe04mHEgtqpnUzRQcPPDODhdL+SAsb9u9EjYU xK5F7p8B2Yba1Nfk/bVLZ4mxaM1lWlkqyaVRUHFoF1yuBM6YpsXzlASaa+bdCssAaE+sX F/khpNtf3gXX/V6a9NKfx93LuB3HPngPPoAYpOAUXIIhGIExIEEYxEEa9MO98FN4HJ5srG HQZt6Bfyq8+ANAub7s</latexit><latexit sha1_base64="p6tkUxfkHOSUK S/GSgvIXVDiLoU=">AAAChXicbVFba9swFJa9Szvvlm2PexELBRe21M66thRGC9lD2Msya NpClBpZkRMRXYwkF4LRP9mv2lv/zRTHD1uyA4KP76IjnZOXnBmbJA9B+Ojxk6d7+8+i5y9 evnrdefP22qhKEzomiit9m2NDOZN0bJnl9LbUFIuc05t8OVjrN/dUG6bklV2VdCrwXLKCE Ww9lXV+HSCu5lmdJg5xWti4OBrdIcI0QZrNF/Yw2jaMshppAQfVgLtd7zfKLYbDu7rhYdx 4h1n/hzt0/pKP0qHzDbn8fiQUdz4ko6uvn78k6LxNObjp4LJON+klTcFdkLagC9oaZZ3fa KZIJai0hGNjJmlS2mmNtWWEUxehytASkyWe04mHEgtqpnUzRQcPPDODhdL+SAsb9u9EjYU xK5F7p8B2Yba1Nfk/bVLZ4mxaM1lWlkqyaVRUHFoF1yuBM6YpsXzlASaa+bdCssAaE+sX F/khpNtf3gXX/V6a9NKfx93LuB3HPngPPoAYpOAUXIIhGIExIEEYxEEa9MO98FN4HJ5srG HQZt6Bfyq8+ANAub7s</latexit>
T = 400  C
<latexit sha1_base64="s5XaKtDxT3KLg kjUsomNrSHH254=">AAAChXicbVFba9swFJbdbe28W9Y99kUsFFzYUjuEbRTGCtlD2Msya NpClBpZkRMRXYwkD4LRP9mv6lv/TRXHD1uyA4KP76IjnZOXnBmbJA9BePDk6bPDo+fRi5e vXr/pvD2+NqrShE6I4krf5thQziSdWGY5vS01xSLn9CZfDTf6zW+qDVPyyq5LOhN4IVnBC Laeyjp/ThFXi6xOE4c4LWxcnI/vEGGaIM0WS3sW7RrGWY20gMNqyN2+9zvlFsPRXd3wMG6 8o6z/0505f8kH6dDFllz9OBeKOx+S0dXXQZKgizbl4LaDyzrdpJc0BfdB2oIuaGucde7RX JFKUGkJx8ZM06S0sxprywinLkKVoSUmK7ygUw8lFtTM6maKDp56Zg4Lpf2RFjbs34kaC2P WIvdOge3S7Gob8n/atLLFl1nNZFlZKsm2UVFxaBXcrATOmabE8rUHmGjm3wrJEmtMrF9c 5IeQ7n55H1z3e2nSS38NupdxO44jcALegxik4DO4BCMwBhNAgjCIgzToh4fhx3AQftpaw6 DNvAP/VPjtETpevug=</latexit><latexit sha1_base64="s5XaKtDxT3KLg kjUsomNrSHH254=">AAAChXicbVFba9swFJbdbe28W9Y99kUsFFzYUjuEbRTGCtlD2Msya NpClBpZkRMRXYwkD4LRP9mv6lv/TRXHD1uyA4KP76IjnZOXnBmbJA9BePDk6bPDo+fRi5e vXr/pvD2+NqrShE6I4krf5thQziSdWGY5vS01xSLn9CZfDTf6zW+qDVPyyq5LOhN4IVnBC Laeyjp/ThFXi6xOE4c4LWxcnI/vEGGaIM0WS3sW7RrGWY20gMNqyN2+9zvlFsPRXd3wMG6 8o6z/0505f8kH6dDFllz9OBeKOx+S0dXXQZKgizbl4LaDyzrdpJc0BfdB2oIuaGucde7RX JFKUGkJx8ZM06S0sxprywinLkKVoSUmK7ygUw8lFtTM6maKDp56Zg4Lpf2RFjbs34kaC2P WIvdOge3S7Gob8n/atLLFl1nNZFlZKsm2UVFxaBXcrATOmabE8rUHmGjm3wrJEmtMrF9c 5IeQ7n55H1z3e2nSS38NupdxO44jcALegxik4DO4BCMwBhNAgjCIgzToh4fhx3AQftpaw6 DNvAP/VPjtETpevug=</latexit><latexit sha1_base64="s5XaKtDxT3KLg kjUsomNrSHH254=">AAAChXicbVFba9swFJbdbe28W9Y99kUsFFzYUjuEbRTGCtlD2Msya NpClBpZkRMRXYwkD4LRP9mv6lv/TRXHD1uyA4KP76IjnZOXnBmbJA9BePDk6bPDo+fRi5e vXr/pvD2+NqrShE6I4krf5thQziSdWGY5vS01xSLn9CZfDTf6zW+qDVPyyq5LOhN4IVnBC Laeyjp/ThFXi6xOE4c4LWxcnI/vEGGaIM0WS3sW7RrGWY20gMNqyN2+9zvlFsPRXd3wMG6 8o6z/0505f8kH6dDFllz9OBeKOx+S0dXXQZKgizbl4LaDyzrdpJc0BfdB2oIuaGucde7RX JFKUGkJx8ZM06S0sxprywinLkKVoSUmK7ygUw8lFtTM6maKDp56Zg4Lpf2RFjbs34kaC2P WIvdOge3S7Gob8n/atLLFl1nNZFlZKsm2UVFxaBXcrATOmabE8rUHmGjm3wrJEmtMrF9c 5IeQ7n55H1z3e2nSS38NupdxO44jcALegxik4DO4BCMwBhNAgjCIgzToh4fhx3AQftpaw6 DNvAP/VPjtETpevug=</latexit><latexit sha1_base64="s5XaKtDxT3KLg kjUsomNrSHH254=">AAAChXicbVFba9swFJbdbe28W9Y99kUsFFzYUjuEbRTGCtlD2Msya NpClBpZkRMRXYwkD4LRP9mv6lv/TRXHD1uyA4KP76IjnZOXnBmbJA9BePDk6bPDo+fRi5e vXr/pvD2+NqrShE6I4krf5thQziSdWGY5vS01xSLn9CZfDTf6zW+qDVPyyq5LOhN4IVnBC Laeyjp/ThFXi6xOE4c4LWxcnI/vEGGaIM0WS3sW7RrGWY20gMNqyN2+9zvlFsPRXd3wMG6 8o6z/0505f8kH6dDFllz9OBeKOx+S0dXXQZKgizbl4LaDyzrdpJc0BfdB2oIuaGucde7RX JFKUGkJx8ZM06S0sxprywinLkKVoSUmK7ygUw8lFtTM6maKDp56Zg4Lpf2RFjbs34kaC2P WIvdOge3S7Gob8n/atLLFl1nNZFlZKsm2UVFxaBXcrATOmabE8rUHmGjm3wrJEmtMrF9c 5IeQ7n55H1z3e2nSS38NupdxO44jcALegxik4DO4BCMwBhNAgjCIgzToh4fhx3AQftpaw6 DNvAP/VPjtETpevug=</latexit>
hni = 9-12
<latexit sha1_base 64="ovfWQe1AOLxspE/fTyq/yID+gIk=">A AACBXicbZA9SwNBEIb3/DZ+nVpqsRgFG8Nd FNRCEGwsIxgN5I6wt5nExb29Y3dODEcaG/+ KjYUitv4HO/+Nm0sKjb6w8PDODLPzRqkUBj 3vy5mYnJqemZ2bLy0sLi2vuKtrVybJNIc6T 2SiGxEzIIWCOgqU0Eg1sDiScB3dng3q13eg jUjUJfZSCGPWVaIjOENrtdzNQDLVlUBVoA s4OQ4Q7jHf6/vVllv2Kl4h+hf8EZTJSLWW+ xm0E57FoJBLZkzT91IMc6ZRcAn9UpAZSBm/ ZV1oWlQsBhPmxRV9umOdNu0k2j6FtHB/TuQ sNqYXR7YzZnhjxmsD879aM8POUZgLlWYIig 8XdTJJMaGDSGhbaOAoexYY18L+lfIbphlHG 1zJhuCPn/wXrqoVf7/iXRyUT7dHccyRDbJF dolPDskpOSc1UiecPJAn8kJenUfn2Xlz3oe tE85oZp38kvPxDbuAl/g=</latexit>
hni = 7.6-12
<latexit sha1_base 64="+UMiTAxL5m8s2kZIMVb0SDYxiwY=">A AACB3icbZA9SwNBEIb34nf8iloKshgFG8Nd FLURAjaWEYwRckfY20zikr29Y3dODEc6G/+ KjYUitv4FO/+NmzOFRl9YeHhnhtl5w0QKg6 776RSmpmdm5+YXiotLyyurpbX1KxOnmkODx zLW1yEzIIWCBgqUcJ1oYFEooRn2z0b15i1o I2J1iYMEgoj1lOgKztBa7dKWL5nqSaDK1z mcHleOfIQ7zPaHXrVdKrsVNxf9C94YymSse rv04XdinkagkEtmTMtzEwwyplFwCcOinxpI GO+zHrQsKhaBCbL8jiHdtU6HdmNtn0Kauz8 nMhYZM4hC2xkxvDGTtZH5X62VYvckyIRKUg TFvxd1U0kxpqNQaEdo4CgHFhjXwv6V8humG UcbXdGG4E2e/BeuqhXvoOJeHJZrO+M45skm 2SZ7xCPHpEbOSZ00CCf35JE8kxfnwXlyXp2 379aCM57ZIL/kvH8Bq9mYbg==</latexit>
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Figure 12: Partial pressure of CuCl-bearing water clusters versus the water fugacity for five different temperatures. Experimental data from Ref.
[10] is depicted by black circles. Fitting results are plotted by the black and red lines for the 0- and 1-kink models of ∆H−◦(H2O)1,n , respectively.
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Figure 13: (a) Standard molar enthalpy of hydration of CuCl-bearing clusters. Sold black, solid red and dashed blue lines correspond to the first
three numerical columns in Table 7. Greens circles correspond to the last column in Table 7. Standard molar entropy and heat capacity of hydration
are presented in panels (b) and (c), respectively. Red squares in all the panels correspond to the results of the RRHO calculations.
0-kink 1-kink 2-kink 1-kink 1-kink (P)
∆H−◦(CuCl)1,1 (kJ/mol) −43.90 −89.43 −90.31 −86.54 −98.30
∆S −◦(CuCl)1,n /R −9.198 −9.719 −9.732 −9.331 −9.684
∆C−◦(CuCl)1,n /R 3 3 3 1 3
D −1.808 −1.995 −1.995 −2.001 −1.998
Table 7: Results for the CuCl solubility fitting. The fourth numerical column shows fitting results where the heat capacity change was set to
∆C−◦(H2O)1,n /R = 1 instead of usual ∆C
−◦(H2O)
1,n /R = 3 (the first three numerical columns). The last column shows the fitting results where the enthalpy
of hydration was represented by the same 1-kink form, but the sublimation data was taken from Pankratz (the fourth numerical column in Table 2)
and not from JANAF (the third numerical column) thermochemical tables.
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∆S −◦(H2O)1,n /R ∆C
−◦(H2O)
1,n /R ∆H
−◦(H2O)
1,1 (kJ/mol) h1 (kJ/mol) n1 h2 (kJ/mol)
−9.714 3 (forced) −86.78 60.86 0.9575 0.1915
Table 8: The results of the fitting CuCl solubility with the 1-kink representation of ∆H−◦(H2O)1,n .
Up to this point, we have used the fixed value of the
heat capacity of hydration set to ∆C−◦(H2O)1,n /R = 3. To ex-
plore the sensitivity of the fitting quality on the value of
this parameter, we also perform a 1-kink fitting with the
heat capacity set to ∆C−◦(H2O)1,n /R = 1. The resulting hy-
dration parameters and total deviation are given in the
fourth numerical column of Table 7. As is seen, the
total deviation changes only marginally, and the model
PCuCl( f ) curve, if plotted in Figure 12, would practically
coincide with those for the 1-kink case discussed be-
fore. Therefore, ∆C−◦(H2O)1,n can not be reliably extracted
from the adopted experimental data. We choose to set
the heat capacity of hydration to ∆C−◦(H2O)1,n /R = 3 for
definiteness.
There is a spread in CuCl sublimation parameters in
the literature, illustrated in this work by the difference
between the JANAF and Pankratz data, the third and
fourth numerical columns in Table 2. Re-fitting the ex-
perimental data assuming Pankratz data for CuCl subli-
mation results in a 1-kink dependence of ∆H−◦(H2O)1,n on n
shown by the green circles in Figure 13, and the fifth nu-
merical column in Table 7. We see that the fit effectively
compensates the increase of the sublimation enthalpy,
when going from JANAF to Pankratz sublimation data,
by the respective decrease of the enthalpy of hydration
when forming CuCl:H2O. This compensation is possi-
ble because what enters Eq. (13) is not the sublimation
or hydration parameters separately, but only through
∆G˜◦1,n = ∆G
◦
s + ∆G
◦(H2O)
1,1 + ∆G
◦(H2O)
1,2 + ... + ∆G
◦(H2O)
1,n .
Accordingly, if the experimental data does not extend
to very low water fugacities where the contribution of
anhydrous CuCl monomers to PCuCl is dominant, fitting
the experimental data with Eq. (13) can not provide,
for example, ∆H−◦s and ∆H
−◦(H2O)
1,1 separately. Evaluat-
ing Eq. (14) in the context of the red curves in Fig-
ure 12, one can find that the lowest mean cluster size
is around 〈n〉 ≈ 2.3, achieved at the lowest fugacity
at T = 350 ◦C. In particular, this means that clus-
ters smaller that CuCl: (H2O)2 do not contribute signifi-
cantly to the the partial pressure of the salt-bearing wa-
ter clusters in the adopted experimental data, so no fit-
ting is able to separately provide ∆H−◦s , ∆H
−◦(H2O)
1,1 and
∆H−◦(H2O)1,2 . This is precisely why we use the thermo-
chemical tables that provide ∆G◦s independently.
Results for our RRHO calculations for enthalpy, en-
tropy and heat capacity of hydration, calculated at Tref ,
are plotted by red squares in Figure 13. Similar to
the NaCl case, RRHO systematically underestimates the
enthalpy and entropy of hydration, compared to those
obtained from fitting, if the clusters are not too small.
We expect that this is at least partially due to account-
ing for only a single lowest-energy cluster of a given
stoichiometry (1, n). In principle, Eq. (2b) can be used
with the understanding that the both initial and final
clusters are each in fact thermodynamic ensembles of
clusters of different configurations but the same stoi-
chiometry. Each such ensemble has larger enthalpy and
larger entropy than the lowest-energy cluster from this
ensemble. The difference between the thermodynamic
ensemble and the lowest-energy cluster from this en-
semble should be the least pronounced for smaller clus-
ters, where the significant energy separation between
the lowest and next-to-lowest configurations may pre-
vent the latter from contributing significantly to each
(1, n) ensemble. In other words, the smaller the clus-
ter, the better the corresponding thermodynamic ensem-
ble is represented by the lowest-energy cluster from this
ensemble. We therefore expect that the net result of ac-
counting only for the lowest-energy cluster in Eq. (2b)
is the underestimation of enthalpy and entropy of hy-
dration at high fugacities. In particular, since we take
only the lowest-energy cluster and not the ensemble of
clusters of the same stoichiometry we underestimate the
enthalpy of the initial and final cluster in Eq. (2b). Not
accounting for all the clusters of a given stoichiometry
underestimates the entropy.
To this point, fitting was performed while constrain-
ing the sublimation parameters to those extracted from
the thermochemical tables. This is not always possible
for other materials due to the lack of reliable thermo-
chemical data. To demonstrate what happens if subli-
mation parameters are not available, CuCl experimental
data (circles in Figure 12) was fit assuming ∆H−◦s and
∆S −◦s are unconstrained. Heat capacity of sublimation is
still taken as constrained since, as we saw above, heat
capacities are related to weak second-order deviations
of Gibbs free energy with respect to temperature and,
as such, are not recovered reliably from fitting. Again,
we set the heat capacity of sublimation to ∆C−◦s /R = −3
- a typical value for sublimation, as can be seen from
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Table 2. The results of such fitting, presented as the
enthalpy ∆H˜−◦1,n and Gibbs free energy ∆G˜
−◦
1,n of forma-
tion of a (1, n)-cluster formed out of n gaseous water
molecules and a single CuCl monomer extracted from
the crystalline bulk, are plotted in Figure 14 as the thin
black and blue lines, respectively. Multiple black and
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Figure 14: The change of the standard molar enthalpy and Gibbs free
energy for the process CuCl(cr) + nH2O→ CuCl:(H2O)n at T = Tref .
The black and blue lines are obtained by allowing ∆H−◦s and ∆S −◦s to
vary when fitting. The red dots represent the results of the previous
1-kink fitting, Figure 13(a), where the sublimation parameters were
not varied and set to the values in the third numerical column of Table
2.
blue lines are obtained by varying initial values of the
fitting parameters and then performing BFGS optimiza-
tion. Values of the deviation function in the range from
−1.99 to −2.01 are reached for all the plotted black lines
and the resulting PCuCl( f ) lays on top of the red lines in
Figure 12. It is seen that the black (or blue) lines, cor-
responding to different initial values of fitting parame-
ters fed to BFGS before starting the minimization, do
not coincide. They also do not coincide with the red
dots, which represent the previous 1-kink fitting results
where the sublimation parameters were not varied and
taken from the third numerical column of Table 2. This
means that the available experimental data is not suf-
ficient to uniquely constrain the newly introduced fit-
ting parameters, i.e., those of sublimation. In particu-
lar, since ∆H˜−◦1,0 = ∆H
−◦
s , we see that the extracted en-
thalpy of sublimation varies in the range from 200 to
260 kJ/mol. Slopes of extracted ∆H˜−◦1,n are also varying
suggesting that because of the uncertainty in ∆H−◦s , the
enthalpies of hydration ∆H˜−◦(H2O)1,n can not be uniquely
recovered.
Fitting the experimental data with Eq. (13) allows
one to evaluate the mean cluster size as a function of f
using Eq. (14). Ranges of the mean cluster size, corre-
sponding to the red lines in Figure 12, are given in each
panel of that figure. As is seen, clusters of sizes smaller
then 3 or large than 15 are inaccessible in the exper-
iment. The gray shading in Figure 14 highlights this
range. Since the fitting is performed with Eq. (13), and
of all the thermodynamic potentials it is ∆G˜◦1,n that en-
ters this expression directly, we expect the extracted val-
ues of ∆G˜◦1,n in the range 3 . n . 15 to be most reliable.
This is indeed the case in Figure 14, where blue lines
practically superimpose within the gray shading area.
The reliability of the extracted temperature dependence
of ∆G˜◦1,n, expressed by values of ∆H˜
−◦
1,n, ∆S˜
−◦
1,n and ∆C˜
−◦
1,n,
is expected to grow when the experimentally accessi-
ble temperature range increases. The spread in ∆H˜−◦1,n is
seen to be larger than that of ∆G˜−◦1,n in Figure 14 since
the former does not enter Eq. (13). However, ∆H˜−◦1,n
still becomes relatively well defined, i.e., the spread is
minimized, in the middle of the 3 . n . 15 range sig-
nifying that
∂
(
∆G˜◦1,n
)
∂T = −∆S˜ ◦1,n =
(
∆G˜◦1,n − ∆H˜◦1,n
)
/T is
extracted relatively reliably. The reliability of extraction
of the magnitude and temperature dependence of ∆G˜◦1,n
from fitting is thus directly related to, respectively, the
range of experimentally accessible water fugacities and
temperatures.
7. Discussion
In this section, we first discuss the chemical na-
ture and strength of bonding in the NaCl:H2O and
CuCl:H2O clusters. Then, in Sec. 7.3, the large-cluster
asymptotic behavior of the enthalpy of hydration is
investigated. Finally, the assumption of temperature-
independent heat capacity change ∆C◦ is justified in
Sec. 7.4.
7.1. Nature of chemical bonding in X:H2O
Figure 15 shows the dependence of the enthalpy of
hydration on cluster size, where the enthalpies of hydra-
tion for NaCl (black circles) and CuCl (red diamonds)
are reproduced from Figures 10(b) and 13(a), respec-
tively. As is seen, the dependence of ∆H−◦(H2O)1,n on n
is qualitatively different for these two salts: (i) the en-
thalpy of the first hydration ∆H−◦(H2O)1,1 is significantly
higher in magnitude for CuCl than for NaCl, and (ii)
the dependence of ∆H−◦(H2O)1,n on n is smoother for NaCl.
We believe that these substantial differences arise from
the chemically different nature of interaction of a wa-
ter molecule with a salt monomer. The configurations
of NaCl:H2O and CuCl:H2O clusters, as obtained from
quantum chemical calculations, are drawn in Figures
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Figure 15: Enthalpy of hydration of NaCl:(H2O)n clusters (black cir-
cles) and CuCl:(H2O)n clusters (red diamonds), replotted from Fig-
ures 10(b) and 13(a), respectively. The dashed blue line is ∆H−◦(H2O)0,∞
from Table 1.
2(c) and (d), respectively. The interaction of the wa-
ter molecule with the NaCl monomer is seen to result in
a cluster where the oxygen is attracted to Na, and hy-
drogen to Cl, resulting in a typical dipole-dipole com-
plex. On the other hand, oxygen binds to Cu in the
copper chloride monomer via the coordinate covalent
bond where the lone electron pair of oxygen is donated
to the empty electronic orbital of the copper. This co-
valent bonding results in a linear configuration of the
CuCl:H2O cluster and the significantly larger magnitude
of the enthalpy of first hydration, compared to that for
sodium chloride. The observed linear configuration is
consistent with previous observations [35, 36].
The first hydration of an anhydrous CuCl molecule
saturates the electron configuration of copper, so all the
subsequent hydration steps, just like all the hydration
steps of NaCl, proceed through the dipole-dipole bond-
ing of water molecules to a cluster. Our quantum chem-
ical calculations with the Gaussian 16 software package
yield the dipole moments of 9.0 D, 5.1 D and 2.2 D for
the isolated sodium chloride, copper chloride and water
molecules, respectively. This means that the strength
of dipole-dipole bonding is expected to be larger for
the NaCl-based complexes than for CuCl-based ones.
This is the reason why the magnitude of ∆H−◦(H2O)1,n is
noticeably higher for the sodium chloride than for cop-
per chloride at n ≥ 2. This difference is also reflected
in the lowest-energy geometries of the X:(H2O)2 clus-
ters in Figure 2, where the second water molecule binds
directly to the salt molecule in panel (c), whereas the
water-water hydrogen bond is formed in panel (d).
7.2. Strength of the dipole-dipole interaction in
NaCl:H2O
Here, we explore whether the value of the enthalpy
of hydration ∆H−◦(H2O)1,1 for NaCl, obtained from the fit-
ting, is physically reasonable. In Sections 3 and 4 we
evaluated the thermodynamics of formation of H2O and
NaCl dimers, respectively. Since both of those dimers
are bound by the dipole-dipole interaction this informa-
tion can be used to estimate the enthalpy of formation
of the NaCl:H2O cluster, which is also bound by the
dipole-dipole interaction. The change of molar internal
energy upon the formation of a dipole-dipole bond be-
tween species A and B is approximately [37]
∆EAB = EAB − EA − EB = −C dAdB
r3AB
, (31)
where dA, dB are the electric dipole moments of the
species, and rAB is the characteristic distance between
them in the AB cluster. The constant prefactor C will
cancel out from the final expression for the enthalpy.
The molar enthalpy of the ideal gas is H−◦ = E−◦ + RTref
and, therefore, we have
∆H−◦AB = H
−◦
AB − H−◦A − H−◦B = −C
dAdB
r3AB
− RTref . (32)
This equation is inverted to obtain the characteristic dis-
tance between the two molecules in a dimer
rAB =
[
−∆H
−◦
AB + RTref
CdAdB
]−1/3
. (33)
Using this approach, we express r(H2O)2 and r(NaCl)2 as
functions of ∆H−◦(H2O)0,2 and ∆H
−◦(NaCl)
2,0 , respectively, and
then estimate the characteristic distance between the
molecules in the NaCl:H2O cluster as a simple aver-
age of the inter-molecular distances in the two homo-
geneous dimers, i.e., rNaCl:H2O = (r(NaCl)2 + r(H2O)2 )/2.
The enthalpy of formation of the NaCl:H2O cluster is
then
∆H−◦(H2O)1,1 = −C
dNaCldH2O
r3NaCl:H2O
− RTref . (34)
The constant prefactor C cancels out and, by tak-
ing ∆H−◦(H2O)0,2 = −16.59 kJ/mol from Table 1 and
∆H−◦(NaCl)2,0 ≈ −200 kJ/mol from Figure 6(a), we obtain
∆H−◦(H2O)1,1 = −53.5 kJ/mol, which is very close to the
value of −55.43 kJ/mol obtained from the fitting and
reported in Table 5. We thus see the value obtained in
the fitting is reasonable on the grounds of simple crude
estimates based on the physics of the dipole-dipole in-
teraction.
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7.3. Large-n behavior of the enthalpy of hydration
The thermodynamics of hydration of a very large
cluster X:(H2O)n is not expected to be sensitive to the
presence of the monomer X within it. More accurately,
we approximate a large (1, n)-cluster as a droplet of con-
tinuous dielectric liquid with a point dipole at its cen-
ter, representing X. The optimal shape of the droplet
is generally non-spherical and determined by the inter-
play between the surface tension and the magnitude of
the dipole, the latter favoring non-sphericity through the
Keesom interaction [30]. However, the surface tension
dominates for the sufficiently large droplets resulting in
a spherical shape [38]. Molar internal energy of an ideal
gas of such droplets can be approximated as [20]
E−◦1,n ≈ Eliqn + σn2/3, (35)
where Eliq is the internal energy corresponding to a mole
of water molecules residing in the bulk liquid water and
σ > 0 represents the positive surface energy of the
droplet (n2/3 is proportional to the droplet surface area).
The corresponding enthalpy is H−◦1,n = E
−◦
1,n+RTref and so
the standard enthalpy of hydration of the large clusters
is
∆H−◦(H2O)1,n = H
−◦
1,n − H−◦1,n−1 − H−◦0,1
≈ Eliq − H−◦0,1 +
2
3
σ/n1/3. (36)
One has ∆H−◦(H2O)1,∞ = Eliq − H−◦0,1 and so
∆H−◦(H2O)1,n = ∆H
−◦(H2O)
1,∞ +
2
3
σ/n1/3. (37)
An important observation here is that, since σ > 0,
∆H−◦(H2O)1,n has to converge to ∆H
−◦(H2O)
1,∞ from above at
large cluster sizes. However, when the clusters are small
∆H−◦(H2O)1,n < ∆H
−◦(H2O)
1,∞ . It is thus expected that when
the cluster size grows starting from n = 1, ∆H−◦(H2O)1,n
first grows and overshoots ∆H−◦(H2O)1,∞ and then decays to-
wards ∆H−◦(H2O)1,∞ resulting in a non-monotonic behavior
with respect to n. It is thus not surprising that the fit-
ting results in Figure 15 overshoot the expected n → ∞
asymptotics plotted by the dashed blue line.
7.4. Magnitude and temperature dependence of ∆C◦
The model, developed in this work, allows one to fit
the experimental dependence of PX on the water fugac-
ity f and temperature with Eq. (13). The thermodynam-
ics of formation of (1, n)-clusters enters this expression
only through ∆G˜◦1,n. The temperature dependence of this
Gibbs free energy change can be written as a Taylor se-
ries with respect to T−Tref . In particular, the magnitudes
of the second- and third-order terms are determined by
the change in heat capacity ∆C˜◦1,n and its temperature
derivative, respectively, evaluated at T = Tref . These
two terms only weakly (especially the latter) affect the
temperature variation of ∆G˜◦1,n, and, therefore, of PX, if
the range of temperature variation is not too wide. Un-
der these conditions, it is impossible to reliably extract
the change in heat capacity and its temperature deriva-
tive from fitting. Exactly that was seen in Sec. 4.1,
where fitting of the sublimation data for CuCl did not
allow for reliable extraction of ∆C˜◦s . Similarly, fitting
the NaCl solubility with the 1-kink model in Sec. 5.1
only constrained the magnitude of ∆C−◦(H2O)1,n to within a
factor of ∼ 2. Since even the magnitude of ∆C◦ is hard
to extract reliably, the task of extracting its temperature
derivative is unrealistic. We therefore assume that the
temperature derivative is zero, which yields Eq. (15).
This assumption is further supported by the observation
that the heat capacities do not vary too much within the
experimentally relevant temperature range in Figures 4
and 7. Furthermore, since sublimation is the reverse of
adding a salt monomer to a large pure-salt cluster, i.e.,
∆G◦s(T ) = −∆G◦∞,0(T ), the temperature dependence of
sublimation thermodynamics is effectively represented
by the blue lines in Figure 6. Specifically, it is seen in
Figure 6(c) that ∆C◦∞,0 and therefore ∆C
◦
s , is a slowly
varying function of temperature.
8. Conclusion
In this work we have developed a rigorous procedure
for fitting experimental data for solubility of salts in wa-
ter vapor. The procedure is based on the semi-empirical
Pitzer-Pabalan model [4] and allows for extraction of
thermodynamic parameters of formation of salt-bearing
water clusters. As an example, we applied the proce-
dure to the solubility of NaCl and CuCl in water va-
por, obtained elsewhere [4, 10]. Reliability of the fitting
was determined by controlling the degree of underfit-
ting/overfitting. The extracted thermodynamic param-
eters are physically reasonable and, in particular, pro-
vide insight into the nature of bonding between anhy-
drous monomers of NaCl or CuCl and a single water
molecule. More specifically, the magnitude of the en-
thalpy for this first hydration step was found to be sig-
nificantly larger for CuCl than for NaCl, which was ra-
tionalized by the formation of the coordinate covalent
bond in the former case and dipole-dipole bond in the
latter case. This has been confirmed by the quantum
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chemical computations. We believe that this methodol-
ogy can now be applied to analyze the the data for sol-
ubility of solid salts in water vapor for many other ma-
terials. In addition to solubility of solids in low-density
water (i.e., vapor), the methods described here can also
be applied to develop more comprehensive equations of
state describing both phase equilibrium and volumetric
(P-V-T) properties of water-salt systems [39].
In this work, we focused on the so-called “two-
phase equilibrium” where the vapor of water and salt
molecules was in equilibrium with the crystalline salt in
the absence of the liquid phase. The resulting thermody-
namic parameters can now be used to evaluate the solu-
bility of crystalline salt in water vapor at arbitrary tem-
perature and pressure. A different type of experimental
data, “three-phase equilibrium”, where liquid water is
present in addition to vapor and solid salt, is also avail-
able in literature [3]. According to Gibbs’ phase rule,
the addition of liquid water to the vapor-solid system is
simply introducing an extra constraint to the system so
the pressure and temperature cannot be considered inde-
pendent anymore. However, once the pressure and tem-
perature are established for the vapor-liquid-solid equi-
librium, the concentration of salt in vapor can still be
calculated using Eq. (13), so the results of this work
are directly applicable. On the other hand, the results
of the present work are not directly applicable in situ-
ations where there is a vapor-liquid equilibrium in the
absence of solid salt [3], as one would need to addition-
ally supply a model to evaluate the salt activity in liquid
water as a function of pressure, temperature and the salt
concentration.
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Appendix A. Equilibrium Constants
In this section we give the numerical values for the
common logarithm of the equilibrium constants for the
reaction X(cr) + nH2O → X:(H2O)n. Tables A.9 and
A.10 give data for the sodium and copper chlorides, re-
spectively. Equilibrium constants are defined as Kn =
e−∆G˜
◦
1,n/RT and the values in the tables are log10 Kn(T ).
23
n
Temperature (◦C)
100 150 200 250 300 350 400 450
0 −24.005 −20.218 −17.244 −14.848 −12.879 −11.233 −9.837 −8.639
1 −20.953 −18.125 −15.891 −14.081 −12.584 −11.325 −10.252 −9.325
2 −18.385 −16.460 −14.921 −13.660 −12.605 −11.709 −10.935 −10.261
3 −16.302 −15.222 −14.333 −13.584 −12.942 −12.382 −11.888 −11.447
4 −14.704 −14.411 −14.127 −13.854 −13.594 −13.346 −13.109 −12.883
5 −13.591 −14.028 −14.304 −14.470 −14.562 −14.600 −14.599 −14.570
6 −12.962 −14.072 −14.862 −15.432 −15.845 −16.144 −16.358 −16.507
7 −12.708 −14.447 −15.716 −16.660 −17.372 −17.912 −18.323 −18.636
8 −12.532 −14.890 −16.632 −17.945 −18.950 −19.727 −20.333 −20.806
9 −12.417 −15.388 −17.596 −19.273 −20.568 −21.579 −22.376 −23.008
10 −12.365 −15.940 −18.609 −20.646 −22.226 −23.469 −24.454 −25.242
11 −12.374 −16.547 −19.671 −22.062 −23.925 −25.395 −26.567 −27.508
12 −12.445 −17.209 −20.782 −23.523 −25.664 −27.358 −28.713 −29.805
13 −12.579 −17.925 −21.941 −25.028 −27.443 −29.358 −30.894 −32.135
14 −12.774 −18.695 −23.149 −26.577 −29.262 −31.396 −33.109 −34.497
15 −13.030 −19.521 −24.406 −28.170 −31.122 −33.470 −35.359 −36.890
16 −13.349 −20.400 −25.712 −29.808 −33.022 −35.582 −37.642 −39.316
17 −13.730 −21.335 −27.067 −31.489 −34.963 −37.730 −39.960 −41.773
18 −14.172 −22.324 −28.471 −33.215 −36.943 −39.916 −42.313 −44.262
19 −14.677 −23.367 −29.923 −34.984 −38.964 −42.139 −44.699 −46.783
20 −15.243 −24.465 −31.424 −36.798 −41.025 −44.398 −47.120 −49.337
21 −15.871 −25.618 −32.974 −38.656 −43.127 −46.695 −49.575 −51.922
22 −16.561 −26.825 −34.572 −40.558 −45.269 −49.029 −52.065 −54.539
23 −17.313 −28.086 −36.220 −42.505 −47.451 −51.400 −54.589 −57.188
24 −18.127 −29.403 −37.916 −44.495 −49.673 −53.808 −57.147 −59.868
25 −19.002 −30.774 −39.661 −46.530 −51.936 −56.252 −59.739 −62.581
Table A.9: Common logarithm (log10) of Kn = e
−∆G˜◦1,n/RT for NaCl. The dependance of ∆G˜◦1,n on n and temperature is evaluated using the
parameters in Table 5 and the first numerical column in Table 2.
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n
Temperature (◦C)
100 150 200 250 300 350 400 450
0 −24.217 −20.453 −17.501 −15.127 −13.177 −11.549 −10.171 −8.990
1 −15.660 −13.441 −11.691 −10.276 −9.107 −8.126 −7.291 −6.571
2 −15.736 −14.042 −12.690 −11.583 −10.659 −9.873 −9.196 −8.606
3 −15.895 −14.717 −13.755 −12.950 −12.264 −11.669 −11.148 −10.684
4 −16.084 −15.417 −14.842 −14.337 −13.888 −13.483 −13.115 −12.778
5 −16.302 −16.143 −15.953 −15.746 −15.531 −15.315 −15.099 −14.886
6 −16.549 −16.895 −17.086 −17.175 −17.194 −17.164 −17.099 −17.010
7 −16.825 −17.673 −18.243 −18.625 −18.875 −19.030 −19.115 −19.149
8 −17.131 −18.476 −19.423 −20.096 −20.575 −20.914 −21.148 −21.302
9 −17.465 −19.305 −20.625 −21.587 −22.295 −22.815 −23.196 −23.471
10 −17.829 −20.160 −21.851 −23.100 −24.033 −24.734 −25.261 −25.655
11 −18.222 −21.040 −23.100 −24.633 −25.791 −26.671 −27.342 −27.854
12 −18.645 −21.947 −24.371 −26.188 −27.567 −28.624 −29.439 −30.068
13 −19.096 −22.879 −25.666 −27.763 −29.362 −30.596 −31.553 −32.297
14 −19.577 −23.837 −26.984 −29.358 −31.177 −32.585 −33.682 −34.541
15 −20.087 −24.820 −28.325 −30.975 −33.010 −34.591 −35.828 −36.800
16 −20.626 −25.830 −29.689 −32.613 −34.863 −36.615 −37.990 −39.074
17 −21.194 −26.865 −31.076 −34.271 −36.734 −38.656 −40.168 −41.364
18 −21.792 −27.926 −32.486 −35.950 −38.625 −40.715 −42.363 −43.668
19 −22.419 −29.013 −33.919 −37.650 −40.535 −42.791 −44.573 −45.988
20 −23.075 −30.125 −35.375 −39.371 −42.463 −44.885 −46.800 −48.322
21 −23.760 −31.263 −36.854 −41.113 −44.411 −46.997 −49.043 −50.672
22 −24.475 −32.427 −38.357 −42.875 −46.377 −49.125 −51.302 −53.037
23 −25.218 −33.617 −39.882 −44.659 −48.363 −51.272 −53.577 −55.417
24 −25.991 −34.833 −41.430 −46.463 −50.368 −53.435 −55.869 −57.811
25 −26.793 −36.074 −43.001 −48.288 −52.391 −55.617 −58.176 −60.221
Table A.10: Common logarithm (log10) of Kn = e
−∆G˜◦1,n/RT for CuCl. The dependance of ∆G˜◦1,n on n and temperature is evaluated using the
parameters in Table 8 and the third numerical column in Table 2.
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